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Abstract 
The coastal, indigenous communities around Alaska have subsisted on marine animals 
for generations, often focusing on large apex predators such as seals, sea lions, and whales. 
Three species of pinnipeds (harbor seal, Steller sea lion, northern fur seal) and the northern sea 
otter have all undergone significant population declines since the 1970s, some regions more than 
others. Archived vibrissae (whiskers) and body tissues from these four species were available 
from the Bering Sea and throughout the Gulf of Alaska from the 1990s and early 2000s. Tissues 
from these species are exceedingly difficult to obtain; thus, the archived tissues provided a finite 
and irreplaceable resource of data. Analysis of these archived tissues indicates which species, 
tissues, and gender bioaccumulate metals more readily. In this study twelve heavy metals 
(arsenic, cadmium, chromium, cobalt, copper, lead, manganese, mercury, nickel, selenium, 
vanadium, zinc) were analyzed in vibrissae from the four select species, and in body tissues from 
harbor seals and Steller sea lions. The samples were collected from three regions (southeastern, 
southcentral, and southwestern Alaska) during the 1990s through early 2000s. Significant 
differences of heavy metal concentrations in vibrissae were detected among elements (p<0.001), 
but not among species (p=0.020), region (p=0.128), or gender (p=0.237). Sea otters had higher 
concentrations for most metals than the three pinniped species. Chromium, vanadium, and zinc 
concentrations were highest among all analyzed metals. Harbor seals and Steller sea lions body 
tissues varied significantly (X2(110) = 454.81, p<0.001) and (X2(66) = 310.88, p <0.001), 
respectively. As there are many routes of entry for heavy metals into the Alaskan marine 
environment and more specifically, marine mammals, a direct source cannot be determined. 
However, this study has served to determine which species, regions, tissues, and genders are 
more susceptible to heavy metal accumulation, and, possibly, toxicity. The results of this study 
provide a baseline and should be compared with current and future sampling efforts since the 
toxicity and effects of heavy metals on these species are poorly known.  
 
 
 
Keywords:  heavy metals, contaminant, harbor seal, Steller sea lion, northern fur seal, northern 
sea otter, atomic absorption spectroscopy
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1. Introduction 
1.1. Preface 
Three species of Alaskan pinnipeds (harbor seal, Steller sea lion, northern fur seal) and a 
fissiped species (northern sea otter) are found in the waters surrounding coastal Alaska and 
ranging to the open water of the Bering Sea and northern Pacific Ocean. These species have 
experienced fluctuations in their population sizes since the 1970s largely due to anthropogenic 
activities such as commercial fishing and hunting, vessel traffic, and pollution (ADFG, 2015). 
The effects of environmental contamination on marine mammal health have led to concerns 
relative to population dynamics; yet, information is still limited about contaminants such as 
heavy metals.  
High concentrations of heavy metals from both natural and anthropogenic sources may 
have detrimental effects in apex predators (Tchounwou et al., 2012). High concentrations of 
heavy metals have been known to cause various illnesses and fatality in humans; however, 
toxicity levels and effects for marine mammals are poorly known (Jakimska et al., 2011). During 
their lifetime, harbor seals, northern fur seals, Steller sea lions, and northern sea otters may be 
affected by heavy metals exposure, which may contribute to dramatic changes in their population 
size and dynamics. This study sought to establish a baseline dataset of twelve heavy metal 
(arsenic, cadmium, chromium, cobalt, copper, lead, manganese, mercury, nickel, selenium, 
vanadium, zinc) concentrations in the tissues and vibrissae of the four target species by using 
atomic absorption spectroscopy. The results of these datasets can be compared with present and 
future sampling efforts to determine if heavy metal concentrations vary over time. It will also 
provide an important understanding of the potential role of heavy metals in marine mammal 
population dynamics and assist in ascertaining if relationships exist among the concentrations for 
each tissue type.  
1.2. Heavy Metals 
Heavy metals are defined as naturally occurring metals having a relatively high density, 
or high atomic weight, which can negatively affect the environment and living organisms 
(Jaishankar et al., 2014). They are widely distributed due to their multiple applications in the 
industrial, medical, and technological fields. Heavy metals are often defined as those that are 
toxic at very low concentrations, but it is understood that some are essential for various 
biochemical processes. Essential metals at high concentrations can be toxic to mammals so the 
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potential toxic effects of heavy metals on organism health and the environment is a significant 
concern. Among the metals of public health significance, mercury, arsenic, cadmium, lead, and 
chromium rank the highest due to their high degree of toxicity (Tchounwou et al., 2012). Many 
studies are ongoing to determine the major sources of these metals in the water, air, and 
biologics, as well as their effects and concentration tolerances in many organisms.  
1.3. Sources and Environmental Fate 
Most heavy metals are found in low concentrations in the Earth’s crust, but the majority 
of heavy metals enter the environment through anthropogenic sources such as coal combustion 
or burning of other fossil fuels, manufacturing processes, and mining (Sarokin & Schulkin, 1982; 
Visschedijk et al., 2004). Mineral and mining resources are located throughout the state of 
Alaska, which may contribute to the heavy metal content in both terrestrial and aquatic 
environments (Figure 1). The metals can then enter biologic organisms via water, air, or food 
consumption (Nriagu, 1989; Volesky, 1990). These metals include mercury, zinc, nickel, lead, 
cadmium, arsenic, manganese, copper, and vanadium (Fowler, 2013).  
Mercury 
One of the most prevalent heavy metals affecting the marine environment is mercury. 
Mercury enters the environment in many ways. First, it can be emitted into the atmosphere via 
natural processes such as volcanoes, thermal springs, permafrost melting, forest fires, and 
geologic deposits or re-introduction via evaporation of water (New Hampshire Department of 
Environmental Services, 2003; Pirrone et al., 2013; Schuster et al., 2018). Second, mercury is 
emitted through anthropogenic sources such as the burning of fossil fuels, coal mining, and 
medical waste (Pirrone et al., 2013). A report from the US Environmental Protection Agency 
(1997) indicated that mercury emissions from anthropogenic activities comprised 50 to 75 
percent of all mercury released into the atmosphere in the United States. Once released, mercury 
is highly persistent and can be transported around the globe prior to deposition. Deposition can 
occur within a week to one year depending on meteorological conditions and the chemical make-
up of the air mass
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Figure 1. Major mining sites in Alaska, 1999 (Swainbank & Szumigala, 2000). 
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(New Hampshire Department of Environmental Services, 2003). If mercury deposits in water 
bodies, bacteria can convert it to methylmercury, a very toxic form of mercury. The 
methylmercury is then ingested by animals and makes its way through the food web (Benoit et 
al., 2002).  
Lead 
Environmental exposure of lead was low prior to industrialization and commercial 
mining. Now, lead ore processing has released approximately 300 million tons into the 
environment within the past five thousand years, causing the levels in humans to be 500-1000 
times greater than our pre-industrial ancestors. Global contamination remains significant as lead 
circulates in soil, air, and water. Human activities that are common sources of lead include 
burning fossil fuels, mining, and manufacturing. The incorporation of lead in gasoline, batteries, 
and paint has been of major concern as lead is one of the most toxic metals to humans (Tong et 
al., 2000). New or future commercial-scale uses of lead include nuclear waste disposal, liquid 
metal magnetohydrodynamics, and stabilization of buildings during earthquakes (Pawlowski, 
2011). 
Arsenic 
Arsenic also has a large impact on marine environments and is found in high quantities 
due to fossil fuel combustion, smelting, and gas exhaust. Arsenic is an abundant element found 
in the Earth’s crust. Once emitted, arsenic will attach to small particles in the air and may stay in 
the air, while being transported globally, until it finally deposits. In the environment, arsenic 
compounds cannot be destroyed, but interaction with oxygen and other molecules can cause it to 
change form, attach to, or separate from other particles. Most arsenic compounds can dissolve in 
water, allowing it to easily enter bodies of water and precipitation (Nriagu, 1994). The main 
human uses for arsenic are insecticides and herbicides, as well as wood preservatives, medicine, 
electronics, and industrial manufacturing (Chung & Hong, 2014). 
Nickel 
Nickel has been on top of the Environmental Protection Agency’s National Priorities 
List. Naturally, nickel is found predominantly in the Earth’s crust, soil, and volcanoes, as well as 
meteorites and sea floor nodules. Nickel is the 24th most abundant element and makes up 6% of 
the Earth’s core.Anthropogenic sources of nickel consist of mining, production of nickel alloys 
and compounds, oil and coal burning power plants, and trash incinerators. Once emitted, nickel 
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will attach to dust particles, which eventually settle to the ground or water. It may then attach to 
particles containing iron or manganese, or seep into groundwater (Cempel & Nikel, 2006). A 
study suggested that nickel is mostly taken up and accumulated by plants rather than animals, 
such as fish (Department of Health and Human Services, 2005). The Sudbury ore deposits in 
Canada are the largest source of nickel and selenium in North America (Lemly, 2012).  
Selenium 
Selenium is widely distributed in the Earth’s crust and is typically associated with 
sulfides or selenides of copper, lead, mercury, and nickel, but the highest selenium contents are 
associated with uranium ores and hydrothermal vents. The presence of selenium in soil depends 
on the parent material of the soil, the removal of selenium via leaching, and the addition of 
meteoric or groundwater. Natural concentrations of selenium rarely exceed 500 µg/g. Selenium 
can be found in nature in the elemental form, as well as Se+4 and Se+6. Selenites are stable in 
alkaline and mildly acidic conditions in nature. Schutz and Turekian (1965) suggest an 
approximate concentration of 0.09 μg/L in major oceans. Sedimentary rocks contain 0.08 μg/L to 
1.00 μg/L of selenium, while carbonate rocks range from 0.00 to 2.00 μg/L. Selenium is also 
present in coal with concentrations reaching 4.00 μg/L. Burning seleniferous coal releases 
selenium into the atmosphere and redistributes it. Selenium also enters the environment through 
the burning of fossil fuels, refinement of sulfide ores, and the smelting process, and is often 
naturally found in soils and plants (Fowler, 2013). Oil refineries in 1986 were producing 11 to 15 
pounds of selenium per day (Hamilton, 2004). Large amounts of selenium are used to 
manufacture photoelectric cells, as well as produce xerography, electronics, ceramics, and 
rubber. Once selenium enters the environment, it is taken up by plants as selenite, selenide, or 
organic selenium. Some plants and animals require selenium for biological processes, while 
others may tolerate ingesting small amounts (Shamberger, 1981).  
Cadmium 
The amount of cadmium released from natural sources, such as wind-blown dust, sea 
sprays, and forest fires, is minimal. However, volcanic activity and crustal material weathering 
are the major natural sources of cadmium in the environment. Anthropogenic sources, on the 
other hand, contribute cadmium towards total environment concentrations. Mining of lead, 
copper, and zinc ores for nonferrous metal production emits by-product cadmium into the water 
and air. Cadmium is produced via thermal smelting and electrolytic extraction, which releases 
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cadmium dust into the atmosphere. The dust will remain airborne for a short time and then 
eventually deposit locally. Coal, oil, and gas combustion, municipal waste disposal, sewage 
sludge, and fertilizers are also among the anthropogenic contributors of cadmium (Friberg, 
1971).  
Chromium 
Two common oxidation states of chromium exist in the environment. Cr+3 is considered a 
trace metal used in biological processes, such as glucose and lipid metabolism control in 
mammals (Anderson, 1989). Cr+6, however, is a known carcinogen and toxic to biological 
systems. Cr+3 can easily oxidize to Cr+6 in the presence of manganese oxides in natural waters. 
Cr+3 is better stabilized by organic ligands and not by water or hydroxide. The main natural 
sources of chromium in soil are weathering and washout of atmospheric chromium-containing 
particles. Atmospheric chromium mainly originates from anthropogenic sources, such as 
metallurgical industries, refractory brick production, electroplating, and fuel combustion. Some 
atmospheric chromium may only exist in the form of particles and aerosols, allowing particle 
size to determine translocation distance. Particle size also affects the risk of obtaining chromium 
in the lungs. Particles of diameters 0.2 to 10 μm are respirable and can be retained in the lungs.  
The atmosphere is a major pathway for chromium particle transfer, since the particles can 
be carried by wind and then washed out onto terrestrial and aquatic surfaces. Vegetation, 
topography, and weather will determine the translocation distance of the particles in the 
atmosphere, as well as particle size. Within terrestrial and water systems, chemical speciation 
will affect transport, as well as precipitation/dissolution and adsorption/desorption processes. 
Cr+6 is the most mobile form in soil and water systems. The nature and behavior of chromium in 
wastewater is dependent on the physicochemical conditions, such as pH and inorganic and 
organic ligands. For example, wastewater from metallurgical and refractory industries will 
mostly have Cr+6, whereas Cr+3 may be found in wastewater from tannery and textile industries. 
In natural waters, temperature, depth, degree of mixing, oxidation conditions, and organic matter 
affect transport. Chromium enters ocean water through rivers and the atmosphere. Dissolved 
chromium is lost from the oceanic water column through incorporation into biological material. 
Chromium transport in food webs does not result in major relocation, and hexavalent chromium 
is more available for living organisms than Cr+3 (Schroeder & Lee, 1975; Bartlett & James, 
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1979; Nakayama et al., 1981; Pettine & Millero, 1990; Johnson & Xyla, 1991; Richard & Bourg, 
1991; Kotas & Stasicka, 2000).  
Vanadium 
Vanadium is the 22nd most abundant element in the Earth’s crust with an average 
concentration of 100 μg/g. Vanadium is found in about 65 different minerals, as well as 
phosphate rock, ores, and crude oils. The formation of continental dust, marine aerosols, soil 
erosion, weathering of rocks, and volcanic emissions naturally release vanadium into the 
atmosphere. Anthropogenic sources include coal and petroleum crude oils, leachates from 
mining, slag heaps, municipal sewage sludge, and fertilizers. An approximate 8,658 pounds of 
vanadium was released to surface waters from domestic manufacturing and processing facilities 
in 2009. The majority of naturally occurring vanadium released into water comes from the 
erosion of land surfaces. Naturally occurring vanadium typically enters the environment as 
mineral particles in the less-soluble trivalent form. Anthropogenic sources usually release 
vanadium in the form of simple or complex vanadium oxides. Once released, small particles 
have a longer residence time in the atmosphere and may be transported farther than large 
particles, which will settle near the source. Eventually, these particulates will adsorb to 
hydroxides or associate with organic compounds and will deposit in the seabed. About 0.001% 
of vanadium that enters the ocean persists in soluble form or oxidizes from V+6 to V+5. Marine 
plants and invertebrates generally contain higher concentrations of vanadium than terrestrial 
organisms. Terrestrial plants depend on the amount of water-soluble vanadium available in the 
soil, pH, and growing conditions (Zoller et al., 1973Byerrum et al., 1974; Van Zinderen Bakker 
& Jaworski, 1980).   
Manganese 
Manganese is an environmentally ubiquitous element that occurs naturally in more than 
100 minerals and is released to the environment by industrial emissions, fossil fuel combustion, 
volcanoes, and soil erosion. Most industrial emissions are from iron and steel production, as well 
as power plant emissions. Manganese is also released through methylcyclopentadienyl 
manganese tricarbonyl (MMT), a gasoline additive. Physio-chemical characteristics of 
manganese particulates, environmental factors, and differentiation of mobile sources of 
manganese make it difficult to determine source contribution to the environment. An estimated 
103,530 pounds of manganese was released into the water in 2009 from manufacturing and 
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processing facilities. Natural concentrations of manganese in seawater ranged from 0.4 to 10 
μg/L, which is considered insignificant when compared to natural background levels in soil 
(~330 µg/g). Manganese occurs naturally in surface water and groundwater with a median of 24 
μg/L. Manganese transported in water is largely controlled by the solubility of the chemical 
form, but in some cases, the discharge of wastewater effluent may result in the mobilization of 
manganese from sediment as well. Manganese may exist in water as four different oxidative 
states, but Mn+2 and Mn+4 predominate. Manganese may exist in the air as suspended particulate 
matter that can be removed by gravitational settling or washout mechanisms. Once in water, the 
transport of manganese is controlled by the solubility of the present chemical form. Manganese 
in water may be bioconcentrated at lower trophic levels, but the bioconcentration factor (BCF) is 
directly related to the concentration in the water (ATSDR, 2012a). Thompson et al. (1972) 
estimated the manganese BCF for coastal fishes to be 35-930. In 1993 the US Environmental 
Protection Agency (EPA) set a criterion at 0.1 mg/L for manganese in marine water (ATSDR, 
2012a).  
Cobalt 
Natural cobalt is released into the atmosphere in particulate form and is deposited in soil. 
Natural sources of cobalt include erosion, weathering of rocks and soil, seawater spray, 
volcanoes, forest fires, plant extraction, and continental and marine biogenic emissions. 
Anthropogenic sources include mining and smelting of ores, cobalt-containing sludge, phosphate 
fertilizers, disposal of cobalt-containing waste, burning of fossil fuels, and metal refinement. 
Anthropogenic cobalt from combustion sources is released in the form of oxides and may adsorb 
to particles and settle into sediment (Barceloux & Barceloux, 1999). Cobalt is typically 
associated with copper and nickel and is often a byproduct of mining. Cobalt is used with iron, 
nickel, and other metals to make an alloy called Alnico and used with chromium and tungsten to 
make Stellite alloys. It is also used in petrochemical and plastic industries as catalysts. The 
distribution and fate of cobalt varies due to pH, redox conditions, ionic strength, and dissolved 
organic matter concentrations. Surface water and groundwater concentrations are often higher in 
mining and agricultural areas. More than 2,000 tons of cobalt is released annually from mining 
and mineral processing in the United States, while the total environmental release is 228,400 kg. 
The estimated worldwide release for atmospheric cobalt is 6,170 tons per year. The Earth’s crust 
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contains an average concentration of 20-25 mg/kg of cobalt, while the mean concentration in 
seawater is less than 1 μg/L (Kim et al., 2006).  
Zinc 
Zinc is one of the most widely used metals in the world and is an important component of 
brass, bronze, rubber, and paints. Anthropogenic sources of zinc are much greater than natural 
sources. The main anthropogenic sources are associated with mining and metallurgic operations. 
Discharges from smelter slags and wastes, mine tailings, coal and bottom fly ash, and the use of 
commercial products, such as fertilizers and wood preservatives, also contribute to 
anthropogenic sources (Davis et al., 2001). Zinc does not volatilize from water, so it is deposited 
in sediments through adsorption and precipitation. Zinc can then form complexes with organic 
and inorganic ligands. Bioconcentration of zinc is moderate in aquatic organisms, high in 
crustaceans and bivalves, and low in plants. It does not biomagnify through terrestrial food 
chains. Zinc is an essential nutrient that exists in all organisms, but biota is a minor reservoir. 
Zinc mainly occurs in the environment as the +2 oxidation state, which tends to be adsorbed and 
transported by suspended solids in water. In the atmosphere, zinc binds to aerosols and the 
particles are eventually deposited via wet deposition. Zinc enters the atmosphere from the 
processing of zinc-bearing raw materials, brass works, coal and fuel combustion, refuse 
incineration, and iron and steel production. An approximate 910,964 pounds of zinc were 
released into the atmosphere in the US in 2001. The weathering of rocks, minerals, and carbonate 
sediments is the largest input of zinc to water, with approximately 45,400 tons per year. Zinc 
primarily occurs in water as the hydrated form of the divalent cation. It will partition to 
sediments and suspended solids in the aquatic environment. The zinc content is correlated with 
depth, organic content, and clay content of the sediments (ATSDR, 2012b). 
Copper 
Anthropogenic sources of copper in the environment include mining, metal and electrical 
manufacturing, and pesticides. Natural sources are volcanoes, windblown dust, and forest fires 
(Jadoon et al., 2017). Copper is distributed in the environment in many ways, including the 
elemental state, as well as in sulfides, arsenites, chlorides, and carbonates. In the elemental state, 
it can be found as Cu+1 or Cu+2 (Davis et al., 2001). Copper will often bind to sulfide, which is 
highly insoluble and will sequester in sediments. In water, copper will act synergistically with 
other contaminants, such as ammonia, cadmium, mercury, and zinc. This relationship may have a 
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greater effect on toxicity in fish and other organisms. Copper is typically a hazard to most 
organisms, but a small amount copper is required in the diets of humans, plants, and animals for 
enzymes. Copper plays a particularly important role in plant metabolism. High concentrations of 
copper, however, may be toxic to many organisms. Lower trophic level organisms, such as algae, 
fungi, and bacilli, are especially susceptible to copper toxicity. Copper sensitivity in plankton 
may vary seasonally based on dissolved organic carbon in the water. Some copper complexes 
can be metabolized, but this may have no significant bearing on the fate of copper in water. In 
1981, the EPA determined typical concentrations of copper in ocean water to be 0.003 mg/L and 
freshwater to be 0.01 mg/L (Irwin et al., 1997). 
 
1.4. Heavy Metals in Mammals 
Heavy metals are often found in high concentrations in the aquatic environment and 
bioaccumulate through the food web. Concentrations are dependent on diet, species, 
age/reproductive state, gender, trophic level, body size and condition, and metabolic rate 
(Lehnert et al., 2018). They will increase through the food web as higher trophic organisms prey 
on these lower organisms (Volesky, 1990). Heavy metals can enter organisms through 
biosorption, which starts when a microbial biomass retains relatively high quantities of metal 
ions by passive absorption. Assorted heavy metals, however, have various routes of entry into 
marine mammals: uptake from the atmosphere through the lungs, absorption through the skin, 
across the placenta before birth, milk through lactation, but mostly from ingestion of seawater 
and food. For example, female pinnipeds can have lower contaminant concentrations than males 
due to transfer and offloading to their pups during gestation and lactation (Lehnert et al., 2018).  
Diet, however, is the primary avenue for most heavy metal contamination in seals. The 
distribution of the metals within the mammal is metal and tissue specific (Vos, 2003). Yamamoto 
et al. (1987) observed the distribution of metals in the whole body of the Weddell seal, and found 
that zinc predominantly accumulates in muscles and bones, copper and mercury in the liver and 
muscles, and cadmium in the kidney and liver. Heavy metal bioaccumulation in the tissues and 
organs of upper trophic level animals is one of the most important processes currently taking 
place in the marine environment (Jakimska et al., 2011).  
Heavy metals only pose a threat to organisms when they are found in high 
concentrations. If these levels are exceeded, they can become pathogenic and cause mortality. 
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Table 1. List of maximum levels and limits of heavy metals in foods and water.  
Provisional Tolerable Weekly Intake (PTWI), Benchmark Dose (Lower Confidence Limit) 
(BMDL), Provisional Tolerable Monthly Intake (PTMI), Provisional maximum tolerable daily 
intake PMTDI, Maximum Contaminant Level (MCL), Maximum Contaminant Level Goal 
(MCLG).  1FAO & WHO, 2011; 2European Commission, 2006; 3Ihedioha, et al., 2014; 4EPA, 
2009; 5WHO, 2011. 
 
  Food Limits Water Limits Reference 
Al PTWI = 1 mg/kg 
 
 1 
As BMDL = 3.0 μg/kg 
PTWI = 0.015 mg/kg 
MCL= 0.010 mg/L 
MCLG= 0.01 mg/L 
 
1, 4, 5 
Cd PTMI = 25 μg/kg 
PTWI = 0.007 mg/kg 
MCL = 0.005 mg/L 
MCLG= 0.003 mg/L 
 
1, 2, 4, 5 
Cr  MCL= 0.1 mg/L 
MCLG= 0.05 mg/L 
 
4, 5 
Cu PMTDI = 0.05-0.5 mg/kg MCL= 1.3 mg/L 
MCLG= 2.0 mg/L 
 
1, 4, 5 
Fe PMTDI = 0.8 mg/kg 
  
 1 
Hg PTWI = 4 μg/kg 
  
MCL= 0.002 mg/L 
MCLG= 0.006 mg/L 
 
1, 4, 5 
MeHg PTWI = 0.0016 mg/kg 
 
 1 
Ni TDI =5 μg/kg MCL= 0.1 mg/L 
MCLG= 0.007 mg/L 
 
3, 4, 5 
Pb PTWI = 0.025 mg/kg MCL= 0.015 mg/L 
MCLG= 0.01 mg/L 
 
1, 2, 4, 5 
Se  MCL= 0.05 mg/L 
MCLG= 0.04 mg/L 
 
4, 5 
Zn PMTDI = 0.3-1 mg/kg 
 
 1 
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Heavy metal concentrations are correlated with the age of the organism, as well as the tissues in 
which they are found. Heavy metals in mammals are divided into essential metals (zinc, copper, 
chromium, selenium, nickel, cobalt, manganese, vanadium) and nonessential metals (mercury, 
cadmium, lead, arsenic). Nonessential metals play no physiological role in the organism and can 
be toxic even at low concentrations. Their toxicity depends on several factors, including the 
concentration, route of exposure, and chemical species, as well as the age, gender, genetics, and 
nutritional status of exposed individuals. Because of their high degree of toxicity, arsenic, 
cadmium, lead, and mercury rank among the priority metals that are of public health 
significance. Toxicological thresholds for humans have been established for most metals but are 
still unknown for marine mammals. Humans are the closest comparison we have for determining 
toxic concentrations in marine mammals (Table 1). Heavy metals in marine ecosystems, from 
both natural and anthropogenic sources, may have serious effects in high concentrations in apex 
predators, such as pinnipeds (seals, sea lions) and fissipeds (sea otters) (Fergusson, 1990; 
Tchounwou et al., 2012). Environmental contaminants, such as heavy metals, and anthropogenic 
stressors are known to affect marine mammal immune and endocrine systems (Hilton et al., 
1980; Lehnert et al., 2018). 
Previous studies have demonstrated that heavy metal accumulation in tissues depends on 
the biochemical needs, gender, size, and molt of marine animals, as well as the exposure period, 
concentrations, and chemical state of metals in water, and environmental factors such as salinity, 
pH, hardness and temperature (Irwandi, 2009; Zhang, 2007). Although these metals have crucial 
biological functions in plants and animals, sometimes their chemical coordination and oxidation-
reduction properties have given them an additional benefit so that they can escape control 
mechanisms, such as homeostasis, transport, compartmentalization and binding to required cell 
constituents. Oxidative stress from heavy metal toxicity involves damage to the liver 
(hepatotoxicity), central nervous system (neurotoxicity), DNA (genotoxicity), and kidney 
(nephrotoxicity) in some species (Sharma, 2014).  
Information on the toxicity effects of specific metals in mammals is limited, with the 
exception for mercury. Mercury exists in three forms: the metallic element, inorganic salts, and 
organomercury compounds. All forms possess different toxicity and bioavailability and are 
present widely in water resources. Mercury is taken up by certain microorganisms, which 
transform it into methylmercury, and then bioaccumulates (Jaishankar et al, 2014). When 
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mercury levels in the marine environment exceed 5 parts per million (ppm), exhaustion, impaired 
coordination, loss of appetite, and death may occur in marine mammals (Vos & Hoven, 1986; 
Jakimska et al., 2011). Mercury toxicity damages the central nervous system, causing behavioral 
and sensory impairments. In seals, mercury toxicity has caused lethargy, weight loss, and death. 
Methylmercury is a neurotoxic compound responsible for microtubule destruction, mitochondrial 
damage, lipid peroxidation, and accumulation of neurotoxic molecules (Patrick, 2002). Animals 
exposed to toxic mercury have experienced negative neurological and behavioral changes. 
Mercury mainly targets the brain, but it can lead to malfunctioning of nerves, kidneys, muscles, 
or any other organ, and can cause disruption to the membrane potential and intracellular calcium 
homeostasis (Jaishankar et al., 2014). 
However, selenium acts as a mercury antagonist, causing demethylation and, thus, 
detoxification. Previous studies indicate that mercury, silver, and cadmium form a complex with 
selenium, causing it to bind with plasma proteins (Ikemoto et al., 2004). Correlations between 
selenium and mercury, as well as mercury and age, have been found in some marine mammal 
species. Mercury, lead, and cadmium strongly affect immune functions since they are highly 
toxic and accumulate rapidly. Many harbor porpoises that died were due to infection expressed 
high concentrations of mercury, selenium, zinc, and an increased mercury: selenium molar ratio. 
A study on harbor seals demonstrated that a higher susceptibility to mercury compounds was 
found in lymphocytes of juveniles than of those in adults. However, methylmercury was shown 
to have immunosuppressive effects in in vitro harbor seal cell test even at low concentrations 
(0.2 and 1 µM). Harbor seal pups showed elevated concentrations of metallic trace elements 
stimulated an inhibition of lymphocyte proliferation and hypersensitivity. Lymphocyte 
ultrastructure is affected by methylmercury chloride exposure in an in vitro approach (Jaishankar 
et al., 2014; Lehnert et al., 2018).  
Unlike other metals, such as zinc, copper and manganese, lead does not contribute to any 
biological functions and is an extremely toxic heavy metal. It disturbs various plant physiological 
processes, with high concentrations in plants damaging the lipid membrane and, ultimately, 
chlorophyll and photosynthetic processes, which suppresses plant growth (Najeeb et al., 2014). 
Some research revealed that lead can inhibit the growth of tea plants by reducing biomass 
(Yongsheng et al., 2011). Even at low concentrations, lead was found to cause huge instability in 
ion uptake by plants, which in turn leads to significant metabolic changes in photosynthetic 
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capacity and, ultimately, a strong inhibition of plant growth (Jaishankar et al., 2014). Lead 
hastens productivity of reactive oxygen species, which causes structural damage to cells, 
proteins, nucleic acid, membranes and lipids, resulting in cellular stress (Mathew et al., 2011).  
Arsenic is a protoplastic poison, as it affects the sulphydryl group of cells. The inorganic 
forms of arsenic, such as arsenite and arsenate compounds, are lethal to the environment and 
living creatures (Jaishankar et al., 2014). However, arsenic can be excreted through urine 
following a biomethylation process (Luckey & Venugopal, 1977). This detoxification process 
will not remove monomethylarsonic acid, which is known to be accountable for arsenic-induced 
carcinogenesis (Singh et al., 2007). The effects of increased arsenic levels on marine mammals 
include impairment of ATP synthesis as well as respiratory issues (Eisler, 1986; deStewart et al., 
1994, 1995, 1996). Inorganic arsenic binds to hemoglobin in erythrocytes and blood arsenic is 
redistributed quickly to the other organs (Guillamet et al., 2004).  
The most common form of nickel is Ni+2. Absorption of nickel into the body of a 
mammal depends on gut acidity, food intake quantity, phosphate, metal ion binding components, 
and pH. Nickel is sometimes considered non-toxic due to its slow uptake into the gastrointestinal 
tract. The primary organs affected by nickel toxicity are the lungs and respiratory system from 
inhalation, but oral exposure mainly affects the kidney (Cempel & Nikel, 2006). Outridge and 
Scheuhammer (1993) found that tissues directly exposed to the environment, such as feathers, 
fur, and skin, had the highest concentrations of nickel when analyzing bird tissues. Exposure to 
nickel has caused skin allergies, lung fibrosis, and respiratory tract cancer. The toxic effects of 
nickel can be suppressed by interfering with the metabolism of essential metals. Some nickel can 
be excreted through urine and feces (Cempel & Nikel, 2006).  
In biological activity, selenium may be required in trace concentrations for growth and 
development. In moderate concentrations, it can be stored or used to maintain homeostatic 
functions. However, in high concentrations, it can result in toxic effects. Organisms may uptake 
selenium from their diet or the water. Uptake from water can occur via the gills, epidermis, or 
gut; however, dietary uptake is the dominant pathway. Selenium is inclined to bioaccumulate 
within the food web (Lemly, 2012). Early studies on rainbow trout suggested that the selenium 
toxicity threshold was 3 µg/g dry feed activity, whereas 1.25 µg/g dry feed maintained plasma 
glutathione peroxidase homeostasis. The minimum dietary requirement was 0.15 to 0.38 µg/g 
dry feed in order to maximize storage (Hilton et al., 1980).  
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Later studies primarily focused on the antagonistic relationship between selenium and 
mercury. Selenium reduced mercury accumulation in fishes, but accumulated via the food chain 
if selenium concentrations were greater than 3-5 µg/L. The findings from these studies resulted 
in the caution of ameliorating mercury with selenium since selenium will efficiently accumulate 
in the food chain. Most studies focusing on the effects of selenium exposure on biota saw 
inconsistent results. In some cases, a reduction in growth or survival occurred. In others, no 
effects on growth or survival were seen, but other pathological or reproductive effects were 
present. In birds, a common impact of selenium toxicity is oxidative stress. Elevated selenium 
concentrations in liver, kidney, ovaries, and testes have been linked to adverse pathological 
changes along with lowered hematocrit (Hamilton, 2004; Lemly, 2012).  
Cadmium is a byproduct of nickel production and is a highly toxic, nonessential heavy 
metal known for its negative influence on the enzymatic systems of cells, oxidative stress, and 
for inducing nutritional deficiency in plants (Irfan et al., 2013). Cadmium can lead to skeletal 
deformities, kidney lesions, lung damage, and cardiovascular and hematopoietic systems 
dysfunction. Cadmium can be detoxified by binding to metallothioneins, which reduces 
bioavailability and, therefore, toxicity. Detoxification may be limited by age, reproductive status, 
and gender (Dietz et al., 1998). While circulating through the liver and kidney, cadmium will 
accumulate in the renal tissue causing nephrotoxicity. Cadmium can also bind with cysteine, 
glutamate, histidine, and aspartate ligands, leading to iron deficiency. It replaces zinc present in 
metallothionein, thereby inhibiting it from acting as a free radical scavenger within the cell 
(Castagnetto et al., 2002). 
Chromium occurs most commonly as Cr+3 and Cr+6, which are noxious to animals and 
plants, and soluble in water. The reactions between Cr+6 and biological reductants result in the 
production of reactive oxygen species, leading to oxidative stress in the cell and ultimately 
damaging DNA and proteins (Stohs & Bagchi, 1995). Therefore, Cr+6 is categorized as a Group 
1 human carcinogen by the International Agency for the Research on Cancer. Chromium is 
typically absorbed through the intestinal mucosa and excreted through urine, hair, sweat and bile 
(Krejpcio, 2001). However, chromium is the least toxic of all trace heavy metals, as most 
mammals can tolerate up to 200 times its body content without harmful effects (Jaishankar et al., 
2014). 
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Vanadium occurs in many forms but will mainly occur as vanadate anions in seawater. 
The vanadate anions occur in low concentrations in the water but will accumulate to high 
concentrations in some marine organisms. At high concentrations, vanadium may have toxic or 
inhibitory effects on marine mammals (Saeki et al., 1998). A study on northern fur seals 
determined that vanadium mainly accumulates in the liver, bone, and hair (Unsal, 1982). 
Vanadium is an essential metal for humans, similarly to cobalt and manganese. Vanadium is 
present in all mammalian tissues and specific ions are inhibitors of certain phosphatases, 
ATPases, phosphotransferases, nucleases, and kinases (Averill et al., 1983).   
Manganese is essential for the development and many body functions in all mammals. It 
binds to and regulates enzymes, such as arginase, which is responsible for production of urea, 
superoxide dismutase, and pyruvate carboxylase. In the brain, most manganese is associated with 
astrocyte-specific enzyme glutamine synthetase. Disruption of manganese homeostasis has been 
connected with different diseases in humans. Artificial, low manganese diets resulted in 
manganese deficiencies, leading to skin lesions and bone malformations. In rats manganese 
deficiencies eventually resulted in increased serum level of calcium. In humans manganese 
deficiencies were associated with bone modeling and remodeling diseases as well as epilepsy. 
Overexposure of manganese may lead to progressive, permanent, neurodegenerative damage 
(Levy & Nassetta, 2013). In humans the whole-body manganese terminal plasma half-life is 
approximately 13-74 days. The half-life the time it takes for half to be removed by biological 
processes (IUPAC, 2006). Manganese was found to persist in the brain for a relatively long time. 
The majority of manganese toxicity occurs is in the central nervous system and lung tissue, 
following cardiovascular, liver, reproductive, and developmental organs. There are no current 
biological indicators for manganese exposure, but concentrations in blood seem to be stable over 
time in humans exposed via mining and industrial environments. Occupational exposure to 
manganese is linked to many cases of intoxication. Manganese ore is used in producing steel, 
aluminum cans, fungicides, fertilizers, electronics, and methylcyclopentadeinyl manganese 
tricarbonyl (MMT). Overexposure to manganese can result in neurotoxicity. Neurotoxicity from 
inhalation has been reported in manganese dioxide miners, dry-cell battery factory workers, 
smelters, and welders. Cardiovascular toxicity, reproductive and developmental toxicity, and 
hepatotoxicity are also common (Crossgrove & Zheng, 2004).  
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Cobalt is scarce in the Earth’s crust, but it is an essential element, as it is a B12 vitamin or 
Co+3 complex required by the body (Barceloux & Barceloux, 1999). All essential elements play a 
role in the health and regulation of the human body, but they may still be considered toxic at 
concentrations exceeding the tolerable levels (Forstner & Wittmann, 1983). The majority of 
cobalt manufacturing is used for hard metal production, which presents the main source of 
occupational cobalt exposure. The construction and electronic waste industries are also main 
contributors to cobalt exposure in humans. Uptake of cobalt in these industries is mainly via 
inhalation of dust, skin contact, and oral ingestions. Dietary intake is the main route of exposure 
for the general public. Measuring cobalt levels in skin can be done via a skin patch, for 
inhalation exposure via analysis of exhaled breath condensate, and at the systemic level via 
urine, whole blood, and serum analyses. The American Conference of Governmental Industrial 
Hygienists (ACGIH) established a Biological Exposure Index (BEI) of 1 µg/L of cobalt in blood 
at the end of a workweek, which is equivalent to an atmospheric exposure level of 9.02 mg/m3 
(Threshold Limit Value- Time-Weighted Average). Human body reactions to cobalt toxicity are 
dependent on the chemical form of cobalt (Simonsen et al., 2012). In the occupational or 
environmental setting, cobalt exposure is typically in the form of particles, whereas in the 
medical setting, cobalt is present as nanoparticles and ions. Particle responses are either metal 
reactivity or metal allergy. Systemic cobalt toxicity will present itself in various neurological, 
cardiovascular, and endocrine symptoms. Low cobalt concentrations (~ 300 µg /L) were 
associated with reversible hematological and endocrine symptoms, but high concentrations 
(>700 µg /L) resulted in neurological and cardiac symptoms. Although cobalt toxicity effects are 
dose dependent, it is not believed that chronic exposure to tolerable concentrations poses 
significant health risks (Leyssens et al., 2017). Yamagata et al. (1962) found cobalt content in 
individual human tissues to be an average of 0.036 ppm, or total body content for a 70 kg 
individual to be approximately 1.1 ppm. Cobalt is an essential element in humans used for the 
formation of cobalamin (vitamin B12) (Barceloux & Barceloux, 1999). Cobalamin is the cofactor 
for methylmalonyl-CoA mutase and methionine synthase, which are enzymes important to 
human health. Cobalamin has a unique absorption, delivery, and activation system in mammals 
(Yamada, 2013). However, the biochemical purpose of cobalt in marine mammals is unknown.  
Zinc is required for many physiological functions including immune, sexual, and 
neurosensory functions. Various proteins, enzymes, and transcription factors are also dependent 
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on zinc. The human body has developed the ability to regulate zinc concentrations to ensure that 
it does not cause toxic reactions. Although zinc is considered relatively non-toxic, free ionic zinc 
can kill neurons, glia, and other cell types. Toxicity symptoms, including nausea, vomiting, 
epigastric pain, lethargy, and fatigue, may occur with extremely high zinc intake (Fosmire, 
1990). Zinc concentrations in the human brain is maintained around 0.6-0.8 µg/L. Zinc 
deficiency or excess can moderate various metabolic processes, adversely affecting human 
health. Strategies for estimating human zinc requirements include the metabolic balance studies, 
which include the intake and excretion of zinc. Zinc can be excreted in sweat, shed hair and skin, 
semen, and milk (Luckey & Venugopal, 1977). The US Environmental Protection Agency set a 
reference dose of 0.3 mg/kg-day for zinc based on the lowest observed adverse effect level 
(LOAEL). In people using zinc-containing supplements, they typically intake 100-300 mg/day - 
doses likely to induce chronic toxicity. Prolonged zinc exposure may cause copper deficiency 
leading to anemia, leucopenia, and neutropenia. Studies have also noted a competitive interaction 
between zinc and iron that may cause decreased serum ferritin and hematocrit concentrations. 
The average adult contains 2-3 grams of zinc, which is distributed in the skeletal muscle, bone, 
brain, gastrointestinal tract, liver, kidney, lung, heart, retina, pancreas, sperm, and uterus. The 
highest concentration is typically found in the prostate at a concentration of approximately 100 
mg/kg. There is no specific body store for zinc and the body controls the amount of zinc stored 
by reducing absorptions and increasing excretion when intake is above the metabolically set 
threshold (Nriagu, 2007).  
According to Anan et al. (2002), immune suppression due to environmental pollutants 
such as heavy metals, particularly zinc and mercury, is considered a possible explanation for 
disease development in Caspian seals. However, zinc is also an essential metal and deficiency 
can cause loss of appetite, growth retardation, skin changes, and immunological abnormalities 
(Camara et al., 2005). Zinc and iron have shown to interfere with copper absorption through 
intestinal mucosa in mammals. This leads to a decrease in copper levels of the liver; therefore, it 
may be possible that copper absorption is inhibited by excessive intakes of zinc and iron in 
certain marine mammals (Anan et al., 2002). Copper exists in three forms: Cu, Cu+1, and Cu+2, 
and is moderately soluble as it needs to be biologically available since it is an essential heavy 
metal (Solomon et al., 2014).  
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Although essential, copper can still be toxic at concentrations above normal or tolerable 
levels. The form of copper depends on environmental factors such as pH, redox potential, water 
hardness, and organic content. According to controlled laboratory studies, copper is relatively 
non-toxic to mammals, but is exceedingly noxious to aquatic biota for instance fish and 
crustaceans. In upper trophic level organisms, sub-lethal effects such as alteration in growth, 
reproduction, and behavior occurred (Flemming & Trevors, 1989). Copper, listed in the 129 
priority pollutants of the EPA, is a toxic pollutant. Diminutive amounts of copper are needed for 
human, plant, and animal enzymes, but it is otherwise considered a hazard in water. High 
concentrations can be toxic to plants and animals, especially in algae, crustaceans, annelids, 
cyprinids, and salmonids. Many fish kill offs are associated with copper-containing runoff and 
rainstorm events. In water, cooper may act synergistically with ammonia, cadmium, mercury, 
and zinc producing a more toxic effect on animals (Irwin et al., 1997).  
1.5. Harbor seal 
Harbor seals (Phoca vitulina) are considered an Alaska Species of Special Concern 
because they have been in a long-term decline. From 1978-1988 a decline from 11,000 to 1,000 
seals near Kodiak Island was documented and a 63% decline of seals in Prince William Sound 
was recorded during 1984-1997 (ADFG, 2015). The harbor seal populations remain an Alaskan 
Species of Special Concern despite conservation efforts related to commercial fishing, vessel 
traffic, and subsistence harvesting (ADFG, 2015; NOAA 2015). Mathews & Pendleton (2006) 
suggested that interspecific competition and predation are likely factors in the declines in Glacier 
Bay National Park. 
Harbor seals inhabit temperate coastal waters where they haul out on rocky beaches and 
glacial ice, breed/pup, thermoregulate, and conduct social interactions. They are commonly 
found in estuaries, near rocky inlets, or alone the shoreline (Brown & Mate, 1983). They have 
strong site-fidelity and are non-migratory, so they only exhibit localized movement. They remain 
near breeding locations in the Gulf of Alaska, coastal areas of the Bering Sea, British Columbia, 
Canada, and California (Pitcher & McAllister, 1981). Most movement occurs during the winter 
months and they do not usually go further than 25 km offshore, although juveniles have been 
observed travelling greater distances. As opportunistic predators, harbor seals will prey on fish, 
cephalopods, krill, and other invertebrates. Some examples are walleye pollock, Pacific cod, 
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herring, flounder, sculpin, gadoids, salmon, octopuses, whelk, shrimp, amphipods, capelin, 
flatfish, and squid with seasonal availability (ADFG, 2015; Riedman, 1989).  
Limited information is available on the heavy metal content of harbor seals. Previous 
literature reviewed various metals found in harbor seals from Washington, Oregon, and the Gulf 
of Alaska from 1971-2007 for liver, kidney, muscle, blubber, brain, heart, feces, bone, placenta, 
milk, and fur samples (Table 2). To our knowledge, vibrissae of harbor seals have not been 
analyzed for our suite of twelve heavy metals.  
1.6. Steller sea lion 
Two populations of Steller sea lions (Eumetopias jubatus), eastern and western, are 
separated by the 144° W longitude. The eastern population inhabits the coasts of southeast 
Alaska, British Columbia, Washington, Oregon, and California, while the western population 
resides in the western Gulf of Alaska, Aleutian Islands, and Asia. Steller sea lions do not 
migrate, but they can travel hundreds of kilometers each year as they move between rookeries for 
breeding and pupping, haul-out sites, and feeding locations. When not at rookeries, they are 
distributed along the coastlines. The greatest abundance of sea lions is found in the Gulf of 
Alaska, although high numbers have been spotted in the central Bering Sea during the winter 
(Loughlin, 1993; ADFG, 2015). Both the western and eastern populations were listed as 
threatened in 1990. However, in 2013 the eastern stock was delisted while the western stock 
remains federally endangered since its reclassification in 1997 (ADFG, 2015; NOAA, 2015). 
Data compiled from observations of 39 rookeries suggested that the population of Steller sea 
lions rose by approximately 30,000 between the 1950s and the 1970s, however a 70% decline 
occurred after 1980 (Trites & Larkin, 1996). Many studies have proposed that these pinnipeds 
are exhibiting population decline due to nutritional stress from reduced availability of suitable 
prey (Trites & Donnelly, 2003). Other theories on the population decline include the changes in 
physical oceanography attributed to the 1976-1977 climate regime shift (Trites et al., 2006).  
Feeding appears to occur predominantly over the continental shelf and along the edge of 
the outer continental shelf of the North Pacific Ocean (Pitcher et al., 2007). Steller sea lion diet 
includes fish, cephalopods, crustaceans, bivalve molluscs, and pinnipeds, but it strongly depends 
on location (Riedman, 1989; Lance et al., 2012) For the western stock, their diet predominantly 
consists of Atka mackerel and walleye pollock, and the eastern stock’s diet encompasses walleye 
pollock, Pacific cod, flatfish, rockfish, and forage fish (ADFG, 2015). Merrick et al. (2011) 
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observed that the diversity of prey varies dependent on location; for example, sea lions from the 
eastern Aleutian Islands mostly consumed small schooling fish with some walleye Pollock and 
Atka mackerel, while the diet of those in the Gulf of Alaska mostly consisted of Atka mackerel. 
A strong positive correlation between diet diversity and population decline in an area was found, 
indicating that sea lions require a variety of prey to defend against a decline in abundance. Trites 
& Donnelly (2003) determined that the sea lions in declining regions are exposed to chronic 
nutritional stress caused by the quality of prey available. The decreased quality and quantity of 
prey available to lactating females has also caused a reduction in body size. For juvenile sea 
lions, diet is constricted by prey distribution since they are physiologically restricted in diving. 
Diet differs drastically based on sex, age, reproduction status, and location (Merrick & Loughlin, 
1997).  
Limited, yet more substantial, information is available on the heavy metal content of 
Steller sea lions. Previous literature reviewed aluminum, arsenic, cadmium, copper, chromium, 
iron, lead, total and methylated mercury, selenium, sliver, and vanadium found in Steller sea 
lions from the eastern and western stocks in Alaska and California from 1993-2005 for liver, 
kidney, muscle, blubber, brain, heart, lung, ovary, testes, and hair/fur samples (Table 2). To our 
knowledge, vibrissae of Steller sea lion have not been analyzed for our suite of twelve heavy 
metals. 
1.7. Northern fur seal 
The population of northern fur seals (Callorhinus ursinus), which reside in the eastern 
Bering Sea, has declined by up to 50% since the 1950s, and is listed as vulnerable under the 
IUCN Red List of Threatened Species (IUCN, 2015). Despite conservation efforts and the 
termination of commercial hunting of fur seals, the population continues to decline (NOAA, 
2014; ADFG, 2015). Investigation of migration models for the six breeding locations, as well as 
mortality and birth rates, revealed that the population in the Pribilof Islands would require a long 
recovery period with emphasis on immigration and reduced mortality (Lee et al., 1994).  
The Pribilof Islands in the Bering Sea constitutes the largest rookeries for the majority of 
northern fur seals. While some animals stay in the Bering Sea during the winter months, they 
generally begin a pelagic migration from the breeding grounds, which lasts up to eight months 
(Kenyon & Wilke, 1953; Ream et al., 2005). Their routes correspond with complementary water 
movement of the Alaska Gyre and the North Pacific Current (Ream et al., 2005). The majority of 
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the northern fur seal population migrates annually from rookeries in the Bering Sea to forage at 
locations ranging from the Gulf of Alaska, into open waters of the northern Pacific Ocean, and as 
far south as California. The feeding grounds within 200-300 km of the Pribilof Islands are 
important for the fur seals during the duration of their breeding and molting (Loughlin et al., 
1987). The passes around the Aleutian Islands are important foraging grounds when the seals are 
migrating to and from the Pribilof Islands (Bigg, 1990). The greatest numbers of fur seals have 
been reported along the continental shelf and slope in the Bering Sea and Gulf of Alaska, 
presumably due to abundant food (Kajimura, 1985; Kuhn, 2015). Fur seals mainly forage on 
small schooling fish, gelatinous organisms, birds, and cephalopods during night dives, but food 
types change with migration (ADFG, 2015; Riedman, 1989). The prey observed in the 
gastrointestinal tracts of fur seals from the Bering Sea was of the same species and size as those 
captured in the midwater trawls. Contrary to prior belief that fur seals are opportunistic feeders, 
it seems that fur seals will select specific sizes of prey in midwater (Sinclair et al., 1994).  
Limited information is available on the heavy metal content of northern fur seals. 
Previous literature review edcadmium, lead, mercury, nickel, and zinc found in northern fur seals 
from Washington state and the Pribilof Islands from 1970-2000 for liver, kidney, muscle, bone, 
and hair/fur samples (Table 2). To our knowledge, vibrissae of northern fur seals have not been 
analyzed for our suite of twelve heavy metals. 
1.8. Northern sea otter 
The northern sea otter (Enhydra lutris) inhabits the temperate coastal waters of southern 
Alaska, the Aleutian Islands, British Columbia, and Washington. Three stocks of northern sea 
otters exist within Alaska: southeastern, southcentral, and southwestern Alaska (ADFG, 2015). 
Gorbics & Bodkin (2001) stated that the southeastern stock extends from Dixon Entrance to 
Cape Yakataga, the southcentral stock from Cape Yakataga to Cape Douglas, including Prince 
William Sound and Kenai Peninsula coast, and the southwestern stock includes the Alaska 
Peninsula coast, the Aleutians Islands westward to Attu Island, Barren, Kodiak, Pribilof Islands, 
and Bristol Bay. Prior to commercial hunting for the fur trade (1700s), the northern sea otter 
population was estimated to be 150,000-300,000. In 1995 the population was documented to 
have declined to 100,000 otters and some populations declined by 90% in certain areas, possibly 
due to increased killer whale predation (Watt et al., 2000). The southwest Alaska stock, 
incorporating the Aleutian Islands, was listed as threatened as of 2005 under the Endangered 
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Species Act. They do not travel long distances but will generally remain in a home location that 
can range from a few to 40 square kilometers (ADFG, 2015; MMC, 2015).  
The sea otter inhabits coastal environments, including bays and lagoons, and is a shallow 
water, benthic forager. It preys mostly on marine invertebrates, such as sea urchins, various 
molluscs and crustaceans, and some species of fish (ADFG, 2015). Estes et al. (1986) observed 
that low-density populations of sea otters consume primarily sea urchins and molluscs, while 
high-density populations preyed on a variety of foods, with fish as a major part of their diet. Prey 
items may also differ depending on sex and age of the otter, as foraging dive durations may 
impact the sea otter’s ability to capture certain prey. The habitat (epifauna versus infauna) of a 
species also plays a role in the sea otter’s ability to capture prey. Prey items are determined by 
the sex and age of the sea otter, the habitat and behavior of prey species, and seasonality (Kvitek 
et al., 1993).  
Limited information is available on the heavy metal content of northern sea otters. 
Previous literature shows a review of antimony, barium, bismuth, cadmium, cesium, chromium, 
cobalt, copper, indium, lead, manganese, mercury, molybdenum, rubidium, silver, thallium, tin, 
vanadium, and zinc found in adult female southern sea otters (n=80) from the central California 
coast from 1992-2002 for liver samples (Table 2). To our knowledge, vibrissae of sea otters have 
not been analyzed for our suite of heavy metals.    
 
1.9. Marine Mammal Body Tissues 
Marine mammal muscle tissues vary among species based on physiological and 
anatomical differences. Fiber-type composition differs between muscle types. Skeletal muscle is 
composed of slow and fast-twitch muscle fibers and produces energy by oxidizing 
carbohydrates, lipids, and glucose stored in the muscle (Sierra et al., 2015).  
The skin, or epidermis, in many pinnipeds will undergo a drastic molt and be shed off in patches. 
Skin is a sensory structure in marine mammals, which plays a role in thigmotaxis, or the dense 
grouping of individuals on land. Part of the skin sensitivity comes from the network of arteries 
and veins in the superficial layers of skin. These veins also allow the animal to distribute blood 
to specific parts of the body and assist in thermoregulation. Blubber is the subcutaneous layer of 
fat under the skin in marine mammals mainly used for maintaining body temperature (Riedman, 
1989; Guerrero, 2017). There are two main types of blubber in marine mammals: white adipose  
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Table 2. Mean or range of heavy metal concentrations in mg/kg (µg/g). HS: Harbor seal (Phoca vitulina richardi); NFS: Northern fur 
seal (Callorhinus ursinus); SSL: Steller sea lion (Eumetopias jubatus); SSO: Southern sea otter (Enhydra lutris); PW: Pacific walrus 
(Odobenus rosmarus divergens). Locations for HS, NFS, and SSL include Alaska, northern California, Washington, and Oregon 
coasts. Location for SSO is central California coast. Location for PW is western Alaska. BDL= below detection limit.  
1Goldblatt and Anthony, 1983; 2Brookens et al., 2008; 3Anas, 1974; 4Marino et al., 2011; 5Beckmen et al., 2002; 6Wagemann et al., 
1996; 7Akmajian et al., 2014; 8Holmes et al., 2008; 9Sydeman and Jarman, 1998; 10Burger et al., 2007; 11Kannan et al., 2006; 
12Quakenbush et al., 2016 
Metal Spp. Liver Kidney Muscle Fur Heart Lung Blubber References 
Ag 
HS 0.012-1.5       6 
SSL 0.072-0.91 0.0042-0.014 0.011-0.012   0.0047-0.0090 0.0047 6, 7, 8 
SSO  0.475-0.55      10 
Al 
HS 0.5-7.4       6 
SSL 1.02-35 1.05-1.53 0.81-0.89   0.97-3.15 1.24-17.95 6, 7 
As 
HS 0.34-2.2       6 
SSL 0.15-0.6 0.14-0.20 0.22  0.12-0.26 0.15-0.17 0.44-0.91 7, 8 
PW 0.050-1.61 0.52-3.46 0.21-1.15    1.48-7.09 12 
Ba SSO 0.02-0.03       10 
Bi SSO 0.009-0.013       10 
Cd 
HS 0.01-4.8       6 
NFS 0.5-55.63 0.1-266.92 0.90     1, 3 
SSL 0.060-15.0 0.0062-1.42 0.0061-0.0068  0.012-0.015 0.0058-0.0064 0.0065-0.0081 7, 8 
SSO 63-123       10 
PW 3.94-34.70 16.80-241.0 0.07-0.58     
12 
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Co SSO 0.066-0.091       10 
Cr 
SSL 0.14-0.4       8 
SSO 0.433-0.604       10 
PW BDL-1.72 0.07-5.22 0.10-0.94     12 
Cs SSO 0.014-0.02       
10 
 
Cu 
HS 4.1-169       6 
SSL 34-230       8 
SSO 115-161       10 
PW 7.63-182.0 14.70-31.80 2.11-3.47     12 
Fe SSL 1100-2800       8 
Hg 
HS 0.3-476 1.611 15.958 0.08-1.55    3, 4, 6 
NFS 0.1-172  0.1-1.6 3.15-12.10    1, 3, 5 
SSL 1.44-73 0.30-0.70 0.15- 1.03 0.56-6.75 0.028-0.10 0.030-0.21  5, 7, 8, 9 
SSO 15.6-19.3       10 
PW 0.58-29.3 0.28-3.65 0.04-0.38     12 
In SSO 0.003-0.01       10 
Mn 
SSO 12.9-19.4       10 
PW 5.29-13.10 1.80-3.47 BDL-0.49     12 
Mo SSO 0.475-0.55       10 
Ni 
HS 0.03-0.37       6 
NFS 0.411 0.556 0.530     1 
PW BDL-0.43 BDL-0.83 BDL-0.15     12 
Pb 
HS 0.012-0.34       6 
NFS 0.2-1.13 0.27-1.2 0.26     1, 3 
SSL 0.0092-0.36 0.011-0.022 0.018-0.035  0.013-0.014 0.019-0.18 0.002-0.170 7 
SSO 0.169-0.31       10 
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PW 0.05-0.50 BDL-0.63 BDL-0.06     12 
Rb SSO 2.76-3.09       10 
Se 
HS 0.52-201       6 
SSL 1.1-16       8 
PW 2.44-18.60 13.40-68.0 3.43-14.5     12 
Sb SSO 0.01-0.02       10 
Sn SSO 0.628-1.61       10 
Sr SSO 0.909-1.76       10 
Tl SSO 0.002-0.003       10 
V 
SSL       0.00-1.77 7 
SSO 0.131-0.236       10 
PW 1.02-15.80 BDL-6.82 BDL     12 
Zn 
HS 21-656       6 
NFS 233.67 277.91 139.15     1 
SSO 202-248       10 
PW 105-210 103-233 119-239     12 
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tissue (WAT) and brown adipose tissue (BAT). WAT stores and mobilizes energy, while BAT 
dissipates energy as heat or diet-induced thermogenesis (Hashimoto et al., 2015). During 
breeding season, these fats will provide warmth and, most importantly, act as an energy 
reservoir. Pups are born with a layer of BAT along with long hairs for thermoregulation (Elsner 
et al., 1974).  
Newborn fur, or lanugo, is the first defense that pups have against the cold, as they have 
not developed their layer of WAT yet (Elsner et al., 1974). In adult sea otters, however, they stay 
warm with two layers of fur: guard hairs and underfur. The guard hairs are the top most layer 
which are flattened and very thick. Below this layer is the fine underfur, which traps air bubbles 
in its oily fibers in order to retain warmth and protect the skin from the cold water. Sea otter fur 
is the densest of all marine mammals with up to approximately 1,000,000 hairs per square inch. 
Fur seals, for comparison, may have only 300,000 hairs per square inch (Kooyman & Costa, 
1979). Pinniped fur is extremely vulnerable to environmental contaminants, such as oil, since it 
will impede an individual’s ability to insulate and the animal will chill and die (Geraci & St. 
Aubin, 1980).   
 Vibrissae, also known as sinus hairs or whiskers, are structures composed of hard, 
keratinous tissue that is highly innervated with myelinated fibers that have a blood sinus 
structure surrounding the base. These whiskers will vary in length, number, position, and 
structure for each species and are mainly found on the head and limbs. When the follicle is 
engorged with blood, the whisker becomes rigid, allowing mobility for detecting objects and 
water movement. Whiskers are thought to aid in foraging in turbid, muddy waters where vision 
is poor.  
Pinnipeds have the largest and most developed vibrissae of all marine mammals. There 
are two types of vibrissae, smooth and undulated, that exist among pinnipeds, with three groups 
of vibrissae on the head of a pinniped: mystacial, supraorbital, and rhinal. The vibrissae in this 
study were mystacial, or the whiskers on the muzzle surrounding the lips. Most phocids, 
including the harbor seal, have undulated vibrissae, whereas otariids, such as the Steller sea lion 
and northern fur seal, have smooth vibrissae (Murphy, 2013). Some pinnipeds will shed their 
vibrissae annually or periodically as part of the molting process, while other species may retain 
the vibrissae for longer. For example, harbor seals will shed their whiskers during their annual 
molting process (Hirons et al., 2001). Therefore, a diet or geographical timeline may be produced 
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from vibrissae analysis (McHuron et al., 2016). Keratinized tissues, such as whiskers, retain 
heavy metals much like internal body tissues (Holmes et al., 2008). Analysis of whiskers 
provides a non-invasive technique for determining heavy metal accumulation. 
In other internal body tissues. such as heart, collagen, liver, kidney, and brain, the 
composition, structure, and function of the tissue will determine the degree of accumulation and 
excretion of heavy metals. Knowledge of which metals accumulate more readily in specific body 
tissues will increase our understanding of the development of certain health effects. In addition, 
if there is a process for expelling the metals from these tissues, it may explain why there are 
different metal concentrations among the tissues. While the anatomy of these body tissues is well 
known, their interaction with contaminants is still poorly known. To encompass an overall grasp 
on the relationship between specific tissues and metals, we must identify the body tissue 
properties as well as the behavior of the metals. 
 
2.0. Heavy Metal Determination of Marine Mammal Tissues 
The pinnipeds and fissipeds in this study range from the Bering Sea, through the Aleutian 
Islands, and throughout the entire extent of the Gulf of Alaska and Prince William Sound (Figure 
2). Some heavy metal data are available for mercury, but limited information is available on 
other heavy metals for pinnipeds (seals, sea lions, walruses) and fissipeds (sea otters) (Table 2). 
More information and data need to be recorded to support valuable future sampling efforts, 
which will provide a better understanding on how heavy metal concentrations are changing in 
these species over time. 
Cause and effect relationships are difficult to determine in wild, protected mammals since 
research on live animals is restricted by legal and ethical constraints. This creates a challenge for 
studying the sources and effects of contaminants, such as heavy metals, in pinnipeds and 
fissipeds. Compared with other tissues, such as blood components or internal organs, vibrissae 
can be sampled less invasively and archive ecological records over a longer period. Other studies 
have suggested collecting urine, saliva, feces, blood, blubber, and fur non-invasively for 
contaminant research, but none of these can provide a temporal aspect (Lehnert et al., 2018). In 
addition, using subsistence-harvested animals reduces disturbance to live animals and does not 
go against any legal or ethical boundaries.  
Twelve heavy metals in vibrissae of four species and up to nine different tissues of two 
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species were assessed. Archived tissues from harbor seals and Steller sea lions include vibrissae, 
muscle, blubber, kidney, heart, liver, brain, fur, skin, and collagen. Archived vibrissae samples 
exist from northern fur seals and northern sea otters. Limited heavy metal data exist for the 
marine mammals studied. These analyses were used to: 
 determine if heavy metal concentrations vary among tissues, regions, species, and gender 
 establish a dataset of essential and nonessential heavy metal concentrations in the four 
target marine mammal species  
 to better understand the role of heavy metal exposure in their population dynamics.  
 
These concentrations created a baseline for future concentration comparisons to 
determine if the concentrations are changing over time.  
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Figure 2. Distribution of harbor seals (HS), northern fur seals (NFS), Steller sea lions (SSL), and northern sea otters (SO) in the Bering 
Sea, through southeastern Alaska (SEAK), southcentral Alaska (SCAK), and southwestern Alaska (SWAK).
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2. Materials and Methods 
2.1. Tissue Samples  
 Tissue samples were collected via federal and state agency personnel from subsistence 
harvested harbor seals, northern fur seals, Steller sea lions, and sea otters from 1990-2005. 
Vibrissae samples were collected from subsistence harvested and stranded sea otters from 1997-
2014 in southern Alaska. All fissiped samples previously collected were under USFWS permit 
number MA041309-5 (V.A. Gill, co-PI). Previous chemical analyses were conducted under 
MMPA 806. No Institutional Animal Care and Use Committee permit is needed, as no living 
organisms will be sampled for this study. Body tissues were only collected from harbor seals and 
Steller sea lions. Harbor seal tissues were collected from Bristol Bay, Bering Sea and throughout 
the southwestern, southcentral, and southeastern Gulf of Alaska. Northern fur seal tissues were 
collected from the Pribilof Islands, Bering Sea. Steller sea lion tissues were collected from the 
Pribilof Islands, Bering Sea, central and eastern Aleutian Islands, and the southwestern, 
southcentral, and southeastern Gulf of Alaska. Northern sea otter tissues were collected from the 
central Aleutian Islands and throughout the southwestern, southcentral, and southeastern Gulf of 
Alaska (Table 3). While gender and age class were not always recorded by the hunters and/or 
associated personnel, the majority of the collection is known to be from subadult/adult animals. 
The collection of tissues included vibrissae, muscle, liver, blubber, kidney, brain, tendon, heart, 
skin, and fur. This collection allowed for a sample size upwards of 10 whiskers and tissues per 
species accordingly throughout the 1990s and early 2000s (Table 3).  
2.2. Heavy Metal Analysis  
Heavy metal analyses were performed on up to twelve heavy metals: arsenic (As), 
cadmium (Cd), chromium (Cr), cobalt (Co), copper (Cu), lead (Pb), manganese (Mn), mercury 
(Hg), nickel (Ni), selenium (Se), vanadium (V), and zinc (Zn). A minimum of twelve vibrissae 
and five of each body tissue were analyzed for the suite of heavy metals when available from 
each of the four pinniped/fissiped species. The vibrissae were cleaned using a series of baths 
with ultrapure deionized water (18.2 megohm) from a Barnstead water purification system and 
HPLC grade acetone. They were then dried for a minimum of 2 hours in a Fischer Scientific 
isotemp vacuum oven model 282A at 600 C at 
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Table 3. Tissues (total n=200) analyzed for heavy metals. 
Species Region Tissue n 
Harbor seal Southcentral Alaska Blubber 5 
Brain 3 
Fur 3 
Heart 3 
Kidney 5 
Liver 5 
Muscle 5 
Skin 3 
Tendon 3 
Vibrissae 13 
Southeastern Alaska Vibrissae 12 
Southwestern Alaska Vibrissae 6 
Unknown Location Vibrissae 34 
Steller sea lion Southeastern Alaska Vibrissae 12 
Southwestern Alaska Blubber 10 
Fur 10 
Muscle 10 
Skin 7 
Tendon 8 
Vibrissae 13 
Northern fur seal Southwestern Alaska Vibrissae 12 
Northern sea otter Southcentral Alaska Vibrissae 18 
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a pressure below 10-2 torr using a 14008-01 model Welch 1400 DuoSeal vacuum pump. The 
length and dry weight of each vibrissa were recorded (Figure 3). Approximately 0.1 grams of 
dried body tissue were weighed out per sample. All samples were placed in 100 mL Teflon 
PTFE tubes and digested using 20 mL of trace metal basis nitric acid (CAS Number 7697-37-2) 
and 1 mL of 30% hydrogen peroxide (CAS Number 772-84-1). The samples were then placed in 
a digestion ModBlock at 600 C for a minimum of 24 hours, or until the samples were completely 
digested. After digestion, the samples were diluted to 50 mL in a volumetric flask using ultrapure 
deionized water (18.2 megohm). The concentrations of the heavy metals were measured by a 
Shimadzu AA-6200 atomic absorption (AA) spectrophotometer equipped with a Hydride Vapor 
Generator (Shimadzu, HVG-1).  
The measurement parameters for standard deviation limit, and sample spray time, 
analysis replication, and repetition sequence were entered in the program WizAArd (Table 4). 
Five standard solutions were prepared for each metal by diluting 1000 µg/ml (µg/g) standards 
purchased from High Purity Standards which were used to create the calibration curves. Quality 
control for all vibrissae included a blank of the ultrapure deionized water, and the trace metal 
basis nitric acid and 30% hydrogen peroxide used for digestion. The blank solution served to 
correct the sample concentrations of any quantities of metals from the digestion and dilution 
materials. In addition, a random standard solution was measured every five samples for quality 
control of the instrument.  
Concentration values from the AA for the blank solutions were subtracted from the 
concentration values from the AA for the samples. The concentrations were then corrected for 
dilution and sample mass. All data were calculated as micrograms (µg) of metal ions per gram of 
sample (µg/g), also known as parts per million (ppm). The average and standard deviation of 
three concentrations were calculated.  
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Figure 3. Examples of the vibrissae from the four species. SSL= Steller sea lion, NFS=northern fur seal, HS= harbor seal, 
SO= northern sea otter. 
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2.3. Objectives 
1. Determine if heavy metal concentrations in tissues vary based on element within harbor 
seals, Steller sea lions, northern fur seals, and northern sea otters. 
2. Determine if heavy metal concentrations vary among species: harbor seals, Steller sea 
lions, northern fur seals, and northern sea otters. 
3. Determine if heavy metal concentrations vary between essential and nonessential metals 
within harbor seals, Steller sea lions, northern fur seals, and northern sea otters. 
4. Determine if heavy metal concentrations vary among body tissues in harbor seals and 
Steller sea lions. 
5. Determine if heavy metal concentrations vary among regions in harbor seals and 
Steller sea lions. 
6. Determine if heavy metal concentrations vary between males and females in northern sea 
otters. 
3. Statistical Analysis 
Descriptive statistics for all data, including range, mean and standard deviation for heavy 
metal concentrations, were calculated using Microsoft Excel (v. 14.7.2; Microsoft Corporation). 
The minimum value of the range was reported as the lowest concentration detected or not 
detected (N/D) for the metal concentrations that were below detection limit. A factorial Analysis 
of Variance (ANOVA) was used to determine differences among the metal concentrations 
dependent on each variable. A non-parametric, multiple comparisons, post-hoc test was used to 
determine which groups of the dependent variable differ significantly from each other. 
Spearman’s rank correlation test was used to determine correlation among species, tissues, 
regions, and gender for all analyzed metals.  
 
4. Results 
The range of metal concentrations (ppm) for each tissue and species are presented in 
Table 5. Arsenic was not analyzed for harbor seal or Steller sea lion vibrissae due to insufficient 
sample quantity. Chromium, vanadium, and zinc had the highest concentrations of the twelve 
metals tested, while cadmium, manganese, and selenium were among the lowest concentrations. 
Heavy metals were detected in 62% of all samples. Within all samples (n=200), 33% contained 
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arsenic, 35% contained chromium, 37% contained vanadium, 48% contained cobalt, 49% 
contained cadmium, 50% contained lead, 53% contained nickel, 64% contained selenium, 67% 
contained copper, 80% contained manganese, 83% contained mercury, and 94% contained zinc. 
Within all vibrissae samples (n=120), 30% contained arsenic, 39% contained nickel, 39% 
contained vanadium, 41% contained chromium, 43% contained cobalt, and 45% contained 
cadmium, 47% contained lead, 62% contained selenium, 66% contained copper, 82% contained 
mercury, 85% contained manganese, and 100% contained zinc. Within all body tissue (excluding 
vibrissae) samples (n=80), 27% contained chromium, 35% contained vanadium, 50% contained 
arsenic, 54% contained lead, 55% contained cadmium, 55% contained cobalt, 68% contained 
copper, 70% contained selenium, 72% contained nickel, 76% contained manganese, 85% 
contained mercury, and 86% contained zinc.  
4.1. Comparison of Elemental Concentrations 
4.1.1. Harbor Seal Vibrissae 
A total of 65 harbor seal vibrissae were analyzed for twelve heavy metals (Table 5). On 
average, vanadium, chromium, and zinc had the highest concentrations while selenium, 
cadmium, and manganese had the lowest (Figure 4). Due to the extremely high vanadium 
concentrations, a separate boxplot was created to better display the differences among the other 
metals (Figures 5 and 6). Harbor seal vibrissae (n=65) varied significantly among elements 
(X2(10) = 277.93, p< 0.001). Cadmium concentrations significantly differed from concentrations 
of cobalt, copper, lead, nickel, vanadium, and zinc (p<0.05). Chromium concentrations 
significantly differed from cobalt, copper, selenium, vanadium, and zinc (p<0.05). Cobalt 
concentrations significantly differed from cadmium, chromium, manganese, mercury, and 
selenium (p<0.05). Copper and lead concentrations significantly differed from cadmium, 
selenium, vanadium, and zinc (p<0.05). Manganese concentrations significantly differed from 
cobalt, nickel, vanadium, and zinc (p<0.05). Mercury concentrations significantly differed from 
concentrations of cobalt, nickel, selenium, vanadium, and zinc (p<0.05). Nickel concentrations 
significantly differed from concentrations of cadmium, manganese, mercury, selenium, and zinc 
(p<0.05). Selenium concentrations significantly differed from chromium, cobalt, copper, lead, 
mercury, nickel, vanadium, and zinc (p<0.05). Vanadium concentrations significantly differed 
from cadmium, chromium, copper, lead, manganese, mercury, and selenium (p<0.05). 
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Table 4. Measurement parameters for the AA on WizAArd. 
 Number of Replications Maximum Number of 
Replications 
Relative Standard 
Deviation Limit 
Standard Deviation 
Limit 
Blank 2 2 99.0 0.000 
Standard 2 3 5.00 0.005 
Sample 3 5 7.00 0.008 
Reslope 2 3 5.00 0.005 
 Repetition Sequence Pre-Spray Time 
(seconds) 
Integration Time 
(seconds) 
Response Time 
(seconds) 
 Spray-Measure-Measure-
Measure 
7 5 1 
39 
 
Table 5. Range of concentrations (ppm) for each metal in the body tissues of four species of interest. HS= harbor seal, SSL= Steller 
sea lion, NFS= northern fur seal, SO= Northern sea otter. N/D = not detected. 
Spp Tissue n As Cd Cr Co Cu Pb Mn Hg Ni Se V Zn 
HS Vibrissae 65 N/A N/D- 
10.71 
N/D-
1078.67 
N/D-
332.14 
N/D- 
78.66 
N/D- 
78.66 
N/D-
30.56 
N/D-
185.68 
N/D- 
233.8 
N/D - 
10.12 
N/D-
7098.09 
79.85-
1006.89 
HS Fur 3 N/A N/D-4.26 465.98-
1289.99 
N/D-
14.40 
N/D-
154.25 
N/D-
15.81 
N/D-
15.71 
9.96-
12.62 
0.37-
37.44 
N/D-0.27 N/D-
1180.00 
105.03-
163.33 
HS Skin 3 N/A N/D-2.03 N/D-
36.26 
N/D N/D-7.42 N/D-
28.25 
2.15-4.90 N/D-2.76 N/D-9.45 N/A N/D-
64.48 
40.93-
49.65 
HS Muscle 5 N/A N/D-2.03 N/D-
1467.14 
N/D-
19.96 
N/D-
13.57 
N/D-
140.19 
N/D-
13.76 
N/D-
13.28 
N/D-
10.04 
N/D-0.08 N/D-
1461.16 
19.10-
105.17 
HS Liver 5 N/A 0.01-
89.78 
N/D-
650.41 
N/D-
77.44 
N/D-
90.05 
N/D-
134.86 
N/D-
24.88 
0.17-
220.22 
N/D-
17.25 
N/D-1.54 N/D-
1345.87 
79.35-
520.38 
HS Kidney 5 N/A 2.03-
267.97 
N/D-
127.84 
N/D-
13.06 
N/D-
15.10 
N/D-
50.82 
N/D-8.63 N/D-
18.59 
N/D-
18.59 
N/D-1.16 N/D-
419.13 
99.72-
194.94 
HS Blubber 5 N/A N/D-4.50 N/D-
5519.22 
N/D-
57.41 
N/D-
351.35 
N/D-
55.00 
N/D-
14.39 
N/D-5.34 N/D-
59.02 
N/D-0.09 N/D-
1186.70 
3.69-
436.02 
HS Brain 3 N/A N/D-2.31 76.45-
683.06 
N/D-0.02 N/D-
169.57 
N/D-
28.23 
3.28-5.80 1.69-7.32 N/D-
15.84 
0.02-0.78 N/D 33.35-
55.10 
HS Heart 3 N/A N/D-
33.64 
N/D-
727.95 
0.01-
41.45 
N/D-
27.01 
N/D-
26.60 
1.10-5.97 N/D-5.24 3.77-
17.52 
0.05-0.12 N/D-
111.42 
102.59-
194.05 
HS Tendon 3 N/A N/D-3.14 N/D-
1085.88 
0.02-
26.98 
N/D-
495.87 
N/D-
56.93 
1.55-
10.99 
N/D-2.36 N/D-
97.53 
0.01-0.14 N/D-
180.46 
78.52-
770.32 
SSL Vibrissae 25 N/D-
2.00 
N/D-3.48 N/D-
321.19 
N/D-
117.39 
N/D-
55.75 
N/D-
110.37 
N/D-4.32 N/D-
227.57 
N/D-
93.38 
N/D-1.0 N/D-
9580.34 
127.86-
328.74 
SSL Fur 10 N/A N/D-
24.41 
N/D-
941.21 
N/D-
135.04 
N/D-
314.06 
N/D-
146.64 
N/D-
14.23 
N/D-
60.33 
N/D-
191.57 
N/D-0.80 N/D-
469.00 
N/D-
783.37 
SSL Skin 7 N/A N/D-4.79 N/D-
42.05 
N/D-
25.83 
N/D-
27.09 
N/D-
98.98 
0.46-9.49 0.12-6.24 N/D-
47.01 
N/D-0.15 N/D-
2526.36 
36.95-
1650.57 
SSL Muscle 10 N/A N/D- N/D- N/D- N/D- N/D- 1.40- N/D- N/D- 0.03-0.20 N/D- 91.86-
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32.17 325.51 54.54 163.13 172.79 74.60 89.89 41.42 2316.69 1525.56 
SSL Blubber 10 N/A N/D-7.53 N/D-
11.01 
N/D-
165.05 
2.50-
38.05 
N/D-
27.92 
N/D-3.09 N/D-6.20 N/D-
93.61 
N/D-0.06 N/D-
3676.64 
N/D-
53.19 
SSL Tendon 8 N/A N/D-3.29 N/D-
28.35 
N/D-
133.44 
N/D-
285.64 
24.54-
125.55 
1.04-
26.99 
0.18-
20.55 
N/D-
187.59 
0.03-0.21 N/D-
3688.12 
N/D-
3791.78 
NFS Vibrissae 12 N/D N/D-6.56 N/D- 
404.15 
N/D-
80.29 
N/D-
45.95 
N/D N/D-7.62 N/D- 
37.55 
N/D- 
32.48 
N/D- 
10.12 
N/D- 
7514.76 
164.25-
301.89 
SO Vibrissae 18 N/D-
102.31 
N/D -
8.33 
N/D -
4228.85 
N/D -
121.50 
N/D -
215.39 
N/D -
279.55 
N/A N/D -
292.57 
N/D N/D -
112.46 
N/D -
3538.90 
29.31-
2132.69 
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Zinc concentrations significantly differed from concentrations of cadmium, chromium, copper, 
lead, manganese, mercury, nickel, and selenium (p<0.05). Harbor seal selenium (0.68 ppm) was 
approximately 5% of the mercury (14.68 ppm) concentration.  
4.1.2. Steller sea lion vibrissae 
A total of 25 Steller sea lion vibrissae were analyzed for twelve heavy metals (Table 5). 
On average, vanadium, chromium, and zinc had the highest concentrations while selenium, 
cadmium, and manganese had the lowest. Arsenic was not analyzed (Figure 7). Due to extremely 
high vanadium concentrations, a separate boxplot was created to better display the differences 
among the other metals (Figures 8 and 9). In  vibrissae of Steller sea lion vibrissae differed 
significantly among elements (X2(11) = 110.37, p< 0.001). Some elements did not significantly 
differ from each other, but those that did can be seen according to their specified group in Figure 
10. Elements that are classified within the same letter group do not significantly differ from one 
another, but those in separate groups are significantly different. Arsenic, cadmium, and 
manganese significantly differed from chromium, lead, nickel vanadium, and zinc (p<0.05). 
Chromium, lead, and nickel significantly differed from arsenic, cadmium, manganese, and 
selenium (p<0.05). Copper and mercury significantly differed from selenium and zinc (p<0.05). 
Selenium significantly differed from copper, mercury, vanadium, and zinc (p<0.05). Vanadium 
significantly differed from arsenic, cadmium, manganese, and selenium (p<0.05). Zinc 
significantly differed from arsenic, cadmium, copper, mercury, manganese, and selenium 
(p<0.05). 
4.1.3. Northern fur seal vibrissae 
Twelve northern fur seal vibrissae were analyzed for twelve heavy metals (Table 5). 
Arsenic and lead were not detected (Figure 11). Vanadium, chromium, and zinc had the highest 
average concentrations while cadmium, selenium, and manganese had the lowest. Due to 
extremely high vanadium concentrations, a separate boxplot was created to better display the 
differences among the other metals (Figures 12 and 13). Northern fur seal vibrissae differed 
significantly among elements (X2(8) = 52.843, p<0.001). Some elements  did not significantly 
differ from each other, but those that did can be seen according to their specified group in Figure 
14. Elements that are classified within the same letter group do not significantly differ from one
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Figure 4. Mean ± SD concentrations (ppm) of heavy metals in the vibrissae (n=65) of harbor seals. Secondary y-axis (green) has a 
larger scale. Arsenic was not analyzed.
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Figure 5. Box and whisker plot for each metal in harbor seal vibrissae. Arsenic was not analyzed. 
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Figure 6. Box and whisker plot for each metal (excluding vanadium) in harbor seal vibrissae. Arsenic was not analyzed. 
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Figure 7. Mean ± SD concentrations (ppm) of heavy metals in the vibrissae (n=25) of Steller sea lions. Secondary y-axis (green) has a 
larger scale. Arsenic was not analyzed. 
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Figure 8. Box and whisker plot for each metal in Steller sea lion vibrissae. Arsenic was not analyzed.
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Figure 9. Box and whisker plot for each metal (excluding vanadium) in Steller sea lion vibrissae. Arsenic was not analyzed.
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Figure 10. Elements within the same groups (A,B,C,D) do not differ significantly from each 
other in vibrissae of Steller sea lions.
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Figure 11. Mean ± SD concentrations (ppm) of heavy metals in the vibrissae (n=12) of northern fur seals. Secondary y-axis (green) 
has a larger scale. N/D = not detected.
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Figure 12. Box and whisker plot for each metal in northern fur seal vibrissae. Arsenic was not detected. 
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Figure 13. Box and whisker plot for each metal (excluding vanadium) in northern fur seal vibrissae. Arsenic was not detected. 
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another, but those in separate groups are significantly different. Cadmium, selenium, and 
mercury significantly differed from chromium, vanadium, and zinc (p<0.05). Chromium, 
vanadium, and zinc significantly differed from mercury, cadmium, and selenium (p<0.05). In 
northern fur seals, selenium (2.10 ppm) was approximately 24% of the mercury content (8.78 
ppm).  
4.1.4. Northern sea otter vibrissae 
Eighteen northern sea otter vibrissae were analyzed for twelve heavy metals (Table 5). 
On average, vanadium, chromium, and zinc had the highest concentrations while cadmium had 
the lowest. Nickel was not detected (Figure 15). Manganese was not analyzed. Due to extremely 
high concentrations of vanadium, chromium, and zinc, separate boxplots were created to better 
display the differences among the other metals (Figures 16, 17, and 18). Northern sea otter 
vibrissae differed significantly among elements (X2(9) = 90.481, p<0.001). Some elements did 
not significantly differ from each other, but those that did can be seen according to their 
specified group in Figure 19. Elements that are classified within the same letter group do not 
significantly differ from one another, but those in separate groups are significantly different. 
Arsenic, cadmium, cobalt, copper, and selenium significantly differed from chromium, 
vanadium, and zinc (p<0.05). Lead and mercury significantly differed from cadmium (p<0.05). 
In northern sea otters, selenium (41.43 ppm) was about 29% of the mercury content (141.12 
ppm). 
4.2. Comparison of Essential and Nonessential Metal Concentrations  
4.2.1. Harbor seal vibrissae 
Harbor seal vibrissae varied significantly between essential and nonessential metals 
(X2(1) = 37.331, p<0.001). Essential metal concentrations ranged from 0.68-2270.50 ppm. Of the 
essential metals, vanadium, chromium, and zinc had the highest concentrations while selenium 
and manganese had the lowest. Nonessential metal concentrations ranged from 3.44-24.43 ppm. 
The lowest concentration was found in cadmium while the highest was found in lead. On 
average, the essential metals had a concentration of 349.13  779.76 ppm while the nonessential  
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Figure 14. Elements within the same groups (A,B,C,D) do not differ significantly from each 
other in northern fur seal vibrissae. Arsenic was not detected. 
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Figure 15. Mean ± SD concentrations (ppm) of heavy metals in the vibrissae (n=18) of northern sea otters. Secondary y-axis (green) 
has a larger scale. N/D = not detected. 
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Figure 16. Box and whisker plot for each metal in Northern sea otter vibrissae. Nickel was not detected.  
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Figure 17. Box and whisker plot for each metal (excluding chromium, vanadium, and zinc) in northern sea otter vibrissae. Nickel was 
not detected. 
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Figure 18. Box and whisker plot for chromium, vanadium, and zinc in northern sea otter vibrissae.
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Figure 19. Elements within the same groups (A,B,C) do not differ significantly from each other 
in northern sea otter vibrissae. Nickel was not detected.
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metals had an average concentration of 14.18  10.50 ppm (Figures 20 and 21). The average 
concentration of essential metals was approximately 25 times higher than nonessential metals. 
4.2.2. Steller sea lion vibrissae 
Steller sea lion vibrissae did not vary between essential and nonessential metals (X2 (1)= 
3.669, p=0.055). Essential metal concentrations ranged from 0.23-2763.50 ppm. Of the essential 
metals, vanadium, zinc, and chromium had the highest concentrations while selenium and 
manganese had the lowest concentrations. Nonessential metal concentrations ranged from 1.41-
36.33 ppm. Cadmium had the lowest concentration while mercury had the highest. The average 
concentration of essential metals was 399.46  958.12 ppm while the average concentration of 
nonessential metals was 23.91  19.53 ppm (Figures 22 and 23). The average concentrations of 
essential metals was approximately 17 times higher than nonessential metals. 
4.2.3. Northern fur seal vibrissae 
Northern fur seal vibrissae varied significantly between essential and nonessential metals 
(X2(1) = 15.475, p<0.001). All essential metals were detected and concentrations ranged from 
2.10-6878.92 ppm. Vanadium, zinc, and chromium had the highest concentrations while 
selenium, manganese, and cadmium had the lowest concentrations. Arsenic and lead were not 
detected. Nonessential metal concentrations ranged from not detected (N/D)-8.78 ppm. On 
average, the essential metals had a concentration of 916.70  2410.17 ppm while the 
nonessential metals had an average concentration of 5.79  4.23ppm (Figures 24 and 25). 
Essential metals had an approximate 158 times higher average concentration than that of 
nonessential metals.  
4.2.4. Northern sea otter vibrissae 
Northern sea otter vibrissae varied significantly between essential and nonessential 
metals (X2(1) = 16.924, p<0.001). Essential metal concentrations ranged from not detected 
(N/D)-2295.36 ppm. Vanadium, zinc, and chromium had the highest essential metal 
concentrations while selenium, cobalt, and copper had the lowest concentrations. Nickel was not 
detected. Nonessential metals ranged from 2.54-156.29 ppm. Lead had the highest concentration 
and cadmium had the lowest. The average essential metal concentration of 626.12  880.28 ppm  
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Figure 20. Mean ± SD concentrations (ppm) of essential and nonessential metals heavy metals in the vibrissae (n=65) of harbor seals. 
Secondary axis (green) has a larger scale.
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Figure 21. Box and whisker plot for each essential (orange) and nonessential (purple) metal in harbor seal vibrissae.
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Figure 22. Mean ± SD concentrations (ppm) of essential and nonessential metals heavy metals in the vibrissae (n=) of Steller sea lions. 
Secondary axis (green) has a larger scale. 
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.  
Figure 23. Box and whisker plot for each essential (orange) and nonessential (purple) metal in Steller sea lion vibrissae. 
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Figure 24. Mean ± SD concentrations (ppm) of nonessential (left) and essential (right) metals heavy metals in the vibrissae (n=) of 
northern fur seals. Secondary axis (green) has a larger scale. N/D = not detected. 
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Figure 25. Box and whisker plot for each essential (orange) and nonessential (purple) metal in northern fur seals vibrissae.   
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while the nonessential metals had an average concentration of 86.08  74.55 ppm (Figures 26 
and 27). Essential metals had an approximate 7 times higher average concentration than that of 
nonessential metals. 
4.3. Comparison of Metal Concentrations Among Species 
Heavy metal concentrations varied significantly among species (X2 (42)= 538.75, p< 
0.001). Spearman rank correlation tests were performed to determine correlation among all four 
species for each metal (Table 6). Metal concentrations in harbor seals ranged from 0.68-2270.55 
ppm; harbor seals had the highest concentrations of cadmium. manganese, and nickel. Arsenic 
was not analyzed for harbor seal vibrissae samples.  Metal concentrations in Steller sea lions 
ranged from 0.23-1250.75 ppm. Metal concentrations in northern fur seals ranged from not 
detected (N/D) - 6878.92 ppm. Northern fur seals had the highest concentration of vanadium. 
Metal concentrations in sea otters ranged from not detected (N/D)-1278.83 ppm. Sea otters had 
the highest concentrations of arsenic, cobalt, copper, selenium, mercury, lead, zinc, and 
chromium. Overall, chromium, vanadium, and zinc were highly concentrated in samples from all 
four species, while cadmium, manganese, and selenium had low concentrations (Figures 28 and 
29). 
4.4. Comparison of Metal Concentrations Among Regions. 
Mean ± SD concentrations (ppm) of heavy metals in vibrissae of all four species within 
their corresponding regions are presented in Figure 30.  
4.4.1. Harbor seal vibrissae 
Harbor seal vibrissae (n=31), significantly varied among regions (X2(31) = 112.38, 
p<0.001). Spearman rank correlation tests were performed to determine correlation among 
regions for each metal (Table 7). Concentrations of metals in southeast Alaska ranged from 0.26-
3702.54 ppm. Concentrations of metals in southcentral Alaska ranged from not detected (N/D)-
2982.26 ppm. Concentrations of metals in southwest Alaska ranged from 0.62-2834.00 ppm. The 
highest concentrations of chromium, lead, and vanadium were seen in animals from southeast 
Alaska (SEAK). The highest concentrations of cadmium, cobalt, and nickel were seen in animals 
from southcentral Alaska (SCAK). The highest concentrations of copper, mercury, manganese, 
selenium, and zinc were found in animals from southwest Alaska (SWAK) (Figures 31 and 32). 
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Figure 26. Mean ± SD concentrations (ppm) of essential and nonessential heavy metals in the vibrissae (n=) of northern sea otters. 
Nickel was not detected. Secondary axis (green) has a larger scale. N/D = not detected.
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Figure 27. Box and whisker plot for each essential (orange) and nonessential (purple) metal in northern sea otter vibrissae. 
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Table 6. Spearman rank correlation among species for each metal. HS=harbor seal; SSL= Steller sea lion; NFS= northern fur seal; 
SO= northern sea otter; S=Spearman test statistic; p=p-value (0.05 significance threshold); rs = Spearman’s correlation coefficient. 
 As Cd Cr Co Cu Hg Mn Ni Pb Se V Zn 
HS-
SSL 
N/A S= 2344.1 
p= 0.47 
rs= -0.16 
S= 3674.3 
p= 0.21 
rs= -0.26 
S= 1193.9 
p= 0.33 
rs= 0.22 
S= 1854 
p= 0.84 
rs= -0.05 
S= 2522.8 
p= 0.89 
rs= 0.03 
S= 349.88 
p= 0.90 
rs= 0.04 
S= 1921.7 
p= 0.82 
rs= 0.05 
S= 3093.4 
p= 0.78 
rs= -0.06 
S= 1647.9 
p= 0.18 
rs= 0.28 
S= 3380.2 
p= 0.15 
rs= -0.30 
S= 3090 
p= 0.78 
rs= -0.06 
 
HS-
NFS 
N/A S= 275.84 
p= 0.91 
rs= 0.04 
S= 470.53 
p= 0.02 
rs= -0.65 
S= 305.05 
p= 0.837 
rs= -0.06 
S= 86 
p= 0.37 
rs= -0.3 
S= 435.26 
p= 0.08 
rs= -0.52 
S= 38 
p= 0.08 
rs= -0.9 
S= 388.86 
p= 0.25 
rs= -0.36 
N/A S= 158.78 
p= 0.92 
rs= 0.04 
S= 163.93 
p= 0.33 
rs= -0.37 
S= 278 
p= 0.94 
rs= 0.03 
 
HS-
SO 
N/A S= 626.68 
p= 0.67 
rs= -0.12 
S= 863.49 
p= 0.82 
rs= -0.06 
S= 1239.7 
p= 0.26 
rs= -0.28 
S= 586.29 
p= 0.61 
rs= 0.14 
S= 672.85 
p= 0.50 
rs= 0.18 
N/A N/A S= 738.66 
p= 0.75 
rs= -0.08 
S= 998.12 
p= 0.91 
rs= -0.03 
S= 452.83 
p= 0.49 
rs= 0.19 
S= 974 
p= 0.99 
rs= -0.005 
 
NFS-
SSL 
N/A S= 217.35 
p= 0.45 
rs= 0.24 
S= 370.44 
p= 0.35 
rs= -0.30 
S= 339.09 
p= 0.56 
rs= -0.19 
S= 71.58 
p= 0.02 
rs= 0.67 
S= 320.06 
p= 0.71 
rs= -0.12 
S= 18 
p= 0.95 
rs= 0.1 
S= 404.16 
p= 0.18 
rs= -0.41 
N/A S= 140.48 
p= 0.68 
rs= 0.15 
S= 78.75 
p= 0.36 
rs= 0.34 
S= 318 
p= 0.73 
rs= -0.11 
 
SO-
SSL 
S= 207.32 
p= 0.14 
rs= 0.43 
S= 549.99 
p= 0.95 
rs= 0.02 
S= 47.51 
p=0.07 
rs= 0.45 
S= 657.81 
p= 0.19 
rs= 0.32 
S= 672.7 
p= 0.97 
rs= 0.01 
S= 742.58 
p= 0.73 
rs= 0.09 
N/A N/A S= 903.46 
p= 0.214 
rs= -0.33 
S= 920.29 
p= 0.84 
rs= 0.05 
S= 489.67 
p= 0.66 
rs= 0.13 
S= 1028 
p= 0.81 
rs= -0.06 
 
SO-
NFS 
N/A S= 299.88 
p= 0.88 
rs= -0.05 
S= 436.24 
p= 0.08 
rs= -0.53 
S= 384.71 
p= 0.27 
rs= -0.35 
S= 347.16 
p= 0.06 
rs= -0.58 
S= 334.03 
p= 0.60 
rs= 0.17 
N/A N/A N/A S= 65.49 
p= 0.06 
rs= 0.60 
S= 86.58 
p= 0.468 
rs= 0.28 
S= 306 
p= 0.83 
rs= -0.07 
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Figure 28. Mean ± SD concentrations (ppm) of heavy metals in the vibrissae (n=) of all species. Lower concentrations were found in 
arsenic, cadmium, cobalt, copper, manganese, nickel, and selenium (A). Higher concentrations were found in mercury, lead, zinc, 
chromium, and vanadium (B). Secondary axis (green) has a different scale. N/D = not detected. 
B 
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Figure 29. Box and whisker plot for average heavy metal concentrations in vibrissae of all four species.
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Figure 30. Mean ± SD concentrations (ppm) of heavy metals in the vibrissae (n=25) of harbor seals (HS), northern sea otters (SO), 
Steller sea lions (SSL), and northern fur seals (NFS) from three regions: SCAK= southcentral Alaska, SEAK= southeast Alaska, 
SWAK= southwest Alaska. 
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Table 7. Spearman rank correlation among regions for each metal in harbor seal vibrissae. SCAK=southcentral Alaska; 
SEAK=southeastern Alaska; SWAK=southwestern Alaska; S=Spearman test statistic; p=p-value (0.05 significance threshold); rs = 
spearman’s correlation coefficient.  
Metal Cd Cr Co Cu Hg Mn Ni Pb Se V Zn 
SCAK-
SEAK 
S= 139.93 
p= 0.27 
rs = 0.36 
S= 323.01 
p= 0.69 
rs = -0.13 
S= 259.38 
p= 0.77 
rs = 0.09 
S= 312 
p= 0.78 
rs = -0.09 
S= 173.58 
p= 0.53 
rs = 0.21 
S= 224 
p= 0.97 
rs = -0.02 
S= 163.66 
p= 0.45 
rs = 0.26 
N/A S= 295.37 
p= 0.92 
rs = -0.03 
S= 57.15 
p= 0.44 
rs = 0.32 
S= 148 
p= 0.12 
rs = 0.48 
 
SCAK-
SWAK 
N/A S= 13.29 
p= 0.58 
rs = 0.34 
S= 57.63 
p= 0.17 
rs = -0.65 
S= 45.84 
p= 0.55 
rs = -0.31 
S= 16 
p= 0.42 
rs = -0.6 
S= 6 
p= 1 
rs = -0.5 
S= 30.88 
p= 0.34 
rs = -0.54 
N/A S= 17.38 
p= 0.26 
rs = -0.74 
S= 6 
p= 0.67 
rs = -0.5 
S= 32 
p= 0.92 
rs = 0.09 
 
SEAK-
SWAK 
S= 25 
p= 0.69 
rs = -0.25 
S= 27.91 
p= 0.51 
rs = -0.39 
N/A S= 45.84 
p= 0.55 
rs = -0.31 
S= 12 
p= 0.92 
rs = -0.2 
S= 2 
p= 1 
rs = 0.5 
S= 7.91 
p= 0.51 
rs = -0.39 
S= 45.84 
p= 0.55 
rs = -0.31 
S= 6.84 
p= 0.68 
rs = 0.32 
N/A S= 56 
p= 0.24 
rs = -0.6 
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Figure 31. Mean ± SD concentrations (ppm) of heavy metals in the vibrissae (n=31) of harbor seals from three regions. Secondary axis 
(green) has a larger scale. N/D = not detected. SCAK= southcentral Alaska (n=13), SEAK= southeast Alaska (n=12), SWAK= 
southwest Alaska (n=6). 
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Figure 32. Box and whisker plot for harbor seal regions. SCAK=southcentral Alaska, SEAK= southeast Alaska, SWAK= southwest 
Alaska.
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4.4.2. Steller sea lion vibrissae 
Steller sea lion vibrissae varied significantly difference among regions (X2(22) = 122.63, 
p<0.001). Spearman rank correlation tests were performed to determine correlation between 
regions for each metal (Table 8). Concentrations of metals in southeast Alaska ranged from 0.14-
3669.74 ppm. Concentrations of metals in southwest Alaska ranged from 0.34-226.36 ppm. The 
highest concentrations of cobalt, manganese, nickel, and vanadium were seen in animals from 
southeast Alaska (SEAK). The highest concentrations of cadmium, chromium, copper, mercury, 
lead, selenium, and zinc were seen in animals from southwest Alaska (SWAK) (Figures 33 and 
34). 
4.5. Comparison of Metal Concentrations Among Body Tissues. 
4.5.1. Harbor seal 
Harbor seal concentrations varied significantly among body tissues (X2(110) = 454.81, p 
<0.001). Spearman rank correlation tests were performed to determine correlation among body 
tissues for each metal (Table 9). Concentrations of metals in all body tissues ranged from not 
detected (N/D)-2782.89 ppm. Cadmium concentrations were highest in kidney and lowest in 
skin. Chromium concentrations were highest in blubber and lowest in skin. Cobalt concentrations 
were highest in vibrissae and lowest in skin. Copper concentrations were highest in tendon and 
lowest in skin. Mercury concentrations were highest in liver and lowest in tendon. Manganese 
concentrations were highest in blubber and lowest in skin. Nickel concentrations were highest in 
vibrissae and lowest in skin. Lead concentrations were highest in muscle and lowest in fur. 
Selenium concentrations were highest in vibrissae and lowest in skin. Vanadium concentrations 
were highest in vibrissae and lowest in brain. Zinc concentrations were highest in tendon and 
lowest in brain (Figure 35 and 36). 
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Table 8. Spearman rank correlation between regions for each metal in Steller sea lion vibrissae. SEAK=southeastern Alaska;     
SWAK=southwestern Alaska; S=Spearman test statistic; p=p-value (0.05 significance threshold); rs = spearman’s correlation 
coefficient.  
Metal Cd Cr Co Cu Hg Mn Ni Pb Se V Zn 
SEAK-
SWAK 
S= 300.07 
p= 0.27 
rs = -0.36 
S= 82.50 
p= 0.01 
rs = 0.71 
S= 142.5 
p= 0.63 
rs = -0.19 
S= 227.94 
p= 0.27 
rs = -0.38 
S= 272.48 
p= 0.48 
rs = -0.24 
S= 0.54 
p= 0.33 
rs = 0.87 
S= 43.54 
p= 0.30 
rs = 0.35 
S= 323.73 
p= 0.68 
rs = -0.13 
S= 5.69 
p= 0.07 
rs = 0.57 
S= 313.43 
p= 0.77 
rs = -0.10 
S= 372 
p= 0.34 
rs = -0.30 
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Figure 33. Mean ± SD concentrations (ppm) of heavy metals in the vibrissae (n=25) of Steller sea lions from two regions. Secondary 
axis (green) has a larger scale. SEAK= southeast Alaska (n=12), SWAK= southwest Alaska (n=13). 
79 
 
 
Figure 34. Box and whisker plot for Steller sea lions regions. SEAK= southeast Alaska, SWAK= southwest Alaska.
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Table 9. Spearman rank correlation among body tissues for each metal in harbor seals. S=Spearman test statistic; p=p-value (0.05 
significance threshold); rs = spearman’s correlation coefficient. 
Metal Cd Cr Co Cu Hg Mn Ni Pb Se V Zn 
Blubber-
Brain 
S= 6 
p= 0.67 
rs = -0.5 
S= 2 
p= 1 
rs = -1 
S= 4 
p= 1 
rs = 0 
S= 0 
p= 
2.22*10-16 
rs = 1 
S= 6 
p= 1 
rs = -0.5 
N/A S= 2 
p= 1 
rs = -1 
S= 0.54 
p= 0.33 
rs = 0.87 
S= 2 
p= 1 
rs = -1 
N/A S= 
2.22*10-16 
p= 1 
rs = 1 
Blubber-
Fur 
S= 0 
p= 
2.22*10-16 
rs = 1 
S= 
2.22*10-16 
p= 1 
rs = 1 
S= 6 
p= 1 
rs = -0.5 
S= 7.46 
p= 0.33 
rs = -0.87 
S= 2 
p= 1 
rs = 0.5 
N/A S= 2 
p= 1 
rs = 0.5 
S= 2 
p= 1 
rs = 0.5 
N/A S= 7.46 
p= 0.33 
rs = -0.87 
S= 8 
p= 0.33 
rs = -1 
Blubber- 
Heart 
S= 0.54 
p= 0.33 
rs = 0.87 
S= 2 
p= 1 
rs = -1 
S= 7.46 
p= 0.33 
rs = -0.87 
S= 6 
p= 0.67 
rs = -0.5 
S= 2 
p= 1 
rs = 0.5 
N/A S= 7.46 
p= 0.33 
rs = -0.87 
S= 6 
p= 1 
rs = -0.5 
S= 
2.22*10-16 
p= 1 
rs = 1 
S= 4 
p= 1 
rs = 0 
S=2 
p= 1 
rs = 0.5 
Blubber- 
Kidney 
S= 6.84 
p= 0.68 
rs = 0.32 
S= 15.44 
p= 0.46 
rs = -0.54 
S= 30.88 
p= 0.34 
rs = -0.54 
S= 5.49 
p= 0.17 
rs = 0.73 
S= 23.08 
p= 0.80 
rs = -0.15 
S= 2.25 
p= 0.23 
rs = 0.77 
S= 2.62 
p= 0.26 
rs = 0.74 
S= 25.74 
p= 0.64 
rs = -0.29 
S= 0.54 
p= 0.33 
rs = 0.87 
S= 16.33 
p= 0.37 
rs = -0.63 
S= 2 
p= 0.33 
rs = 0.8 
Blubber- 
Liver 
S= 8.95 
p= 0.89 
rs = 0.11 
S= 3.67 
p= 0.37 
rs = 0.63 
S= 37.21 
p= 0.06 
rs = -0.86 
S= 33.34  
p= 0.22 
rs = -0.67 
 
S=8.71 
p= 0.32 
rs = 0.56 
S= 7.23 
p= 0.73 
rs = 0.27 
S= 10 
p= 1 
rs = 0 
S= 13.12 
p= 0.57 
rs = 0.34 
S= 6.84 
p= 0.68 
rs = 0.32 
S=15.44 
p= 0.46 
rs = -0.54 
S= 2 
p= 0.33 
rs = 0.8 
Blubber- 
Muscle 
S= 10.56 
p= 0.94 
rs = -0.06 
S= 1.84 
p= 0.18 
rs = 0.82 
S= 30.32 
p= 0.37 
rs = -0.52 
S= 20 
p= 1 
rs = 0 
S= 11.79 
p= 0.49 
rs = 0.41 
S= 1.84 
p= 0.18 
rs = 0.82 
S= 18 
p= 0.33 
rs = -0.8 
S= 20 
p= 1 
rs = 0 
S= 2.22 e-
16 
p= 1 
rs = 1 
S=15.44 
p= 0.46 
rs = -0.54 
S= 8 
p= 0.33 
rs =-0.8 
Blubber- 
Skin 
S= 4 
p= 1 
rs = 0 
S= 2 
p= 1 
rs = -1 
N/A S= 7.46 
p= 0.33 
rs = -0.87 
S= 6 
p= 1 
rs = -0.5 
N/A S= 6 
p= 1 
rs = -0.5 
S= 2 
p= 1 
rs = 0.5 
N/A 
 
S= 6 
p= 0.67 
rs = -0.5 
S= 
2.22*10-16 
p= 1 
rs = 1 
Blubber- 
Tendon 
S= 7.46 
p= 0.33 
rs = -0.87 
S= 2.2 *10-
16 
p= 1 
rs = 1 
S= 8 
p= 0.33 
rs = -1 
S= 4 
p= 1 
rs = 0 
S= 2 
p= 1 
rs = 0.5 
N/A S= 6 
p= 1 
rs = -0.5 
S= 6 
p= 1 
rs = -0.5 
S= 2 
p= 1 
rs = -1 
S= 0 
p < 2.2e-16 
rs = 1 
S= 2 
p= 1 
rs = 0.5 
Blubber- 
Vibrissae 
N/A S= 17.38 
p= 0.26 
rs = -0.74 
S= 10 
p= 0.33 
rs = 0.5 
S= 12.75 
p= 0.55 
rs = 0.36 
S= 36.42 
p= 0.09 
rs = -0.82 
S= 7.28 
p= 0.73 
rs = 0.27 
N/A S= 13.12 
p= 0.57 
rs = 0.34 
S= 10.56 
p= 0.94 
rs = -0.06 
S= 15.44 
p= 0.46 
rs = -0.54 
S= 12 
p= 0.92 
rs = -0.2 
Brain- S= 6 S= 2 S= 7.46 S= 7.46 S= 2 S= 0 S= 2 S= 4 N/A N/A S= 2 
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Fur p= 0.67 
rs = -0.5 
p= 1 
rs = -1 
p= 0.33 
rs = -0.87 
p= 0.33 
rs = -0.87 
p= 1 
rs = 0.5 
p= 0.33 
rs = 1 
p= 1 
rs = -1 
p= 1 
rs = 0 
p= 1 
rs = -1 
Brain-
Heart 
S= 4 
p= 1 
rs = 0 
S= 
2.22*10-16 
p= 1 
rs = 1 
S= 6 
p= 0.67 
rs = -0.5 
S= 6 
p= 0.67 
rs = -0.5 
S= 8 
p= 0.33 
rs = 1 
S= 2 
p= 1 
rs = 0.5 
S= 
2.22*10-16 
p= 1 
rs = 1 
S= 7.46 
p= 0.33 
rs = -0.87 
S= 2 
p= 1 
rs = -1 
N/A S= 
2.22*10-16 
p= 1 
rs = 1 
Brain- 
Kidney 
S= 0.54 
p= 0.33 
rs = 0.87 
S= 
2.22*10-16 
p= 1 
rs = 1 
S= 6 
p= 0.67 
rs = -0.5 
S= 0 
p= 
2.22*10-16 
rs = 1 
S= 0 
p= 0.33 
rs = 1 
S= 6 
p= 1 
rs = -0.5 
S= 2 
p= 1 
rs = -1 
S= 6 
p= 0.67 
rs = -0.5 
S= 2 
p= 1 
rs = -1 
N/A S= 
2.22*10-16 
p= 1 
rs = 1 
Brain- 
Liver 
S= 7.46 
p= 0.33 
rs = -0.87 
S= 
2.22*10-16 
p= 1 
rs = 1 
S= 6 
p= 0.67 
rs = -0.5 
S= 7.46 
p= 0.33 
rs = -0.87 
S= 8 
p= 0.33 
rs = -1 
S= 0.54 
p= 0.33 
rs = 0.87 
S= 
2.22*10-16 
p= 1 
rs = 1 
S= 0 
p= 2.2*10-
16 
rs = 1 
S= 2.2*10-
16 
p= 1 
rs = 1 
N/A S= 
2.22*10-16 
p= 1 
rs = 1 
Brain- 
Muscle 
S= 0 
p= 
2.22*10-16 
rs = 1 
N/A 
 
N/A 
 
N/A 
 
S= 8 
p= 0.33 
rs = -1 
S= 0.54 
p= 0.33 
rs = 0.87 
S= 
2.22*10-16 
p= 1 
rs = 1 
S= 0 
p= 2.2*10-
16 
rs = 1 
S= 2 
p= 1 
rs = -1 
N/A S= 2 
p= 1 
rs = -1 
Brain- 
Skin 
S= 0.54 
p= 0.33 
rs = 0.87 
S= 
2.22*10-16 
p= 1 
rs = 1 
N/A 
 
S= 7.46 
p= 0.33 
rs = -0.87 
S= 6 
p= 1 
rs = -0.5 
S= 2 
p= 1 
rs = 0.5 
S= 
2.22*10-16 
p= 1 
rs = 1 
S= 0.54 
p= 0.33 
rs = 0.87 
N/A N/A S= 
2.22*10-16 
p= 1 
rs = 1 
Brain- 
Tendon 
S= 0.54 
p= 0.33 
rs = 0.87 
S= 2 
p= 1 
rs = -1 
S= 4 
p= 1 
rs = 0 
S= 4 
p= 1 
rs = 0 
S= 8 
p= 0.33 
rs = -1 
S= 6 
p= 1 
rs = -0.5 
S= 
22.22*10-16 
p= 1 
rs = 1 
S= 7.46 
p= 0.33 
rs = -0.87 
S= 
2.22*10-16 
p= 1 
rs = 1 
N/A S= 
2.22*10-16 
p= 1 
rs = 1 
Brain- 
Vibrissae 
N/A S= 2.2 *10-
16 
p= 1 
rs = 1 
S= 4 
p= 1 
rs = 0 
N/A S= 0 
p= 0.33 
rs = 1 
S= 4 
p= 1 
rs = 0 
N/A S= 0.54 
p= 0.33 
rs = 0.87 
N/A N/A S= 
2.22*10-16 
p= 1 
rs = 1 
Fur-
Heart 
S= 0.54 
p= 0.33 
rs = 0.87 
S= 2 
p= 1 
rs = -1 
S= 0.54 
p= 0.33 
rs = 0.87 
S= 4 
p= 1 
rs = 0 
S= 6 
p= 1 
rs = -0.5 
S= 2 
p= 1 
rs = 0.5 
S= 4 
p= 1 
rs = 0 
S= 2 
p= 1 
rs = 0.5 
N/A S= 6 
p= 1 
rs = -0.5 
S= 6 
p= 1 
rs = -0.5 
Fur- 
Kidney 
S= 7.46 
p= 0.33 
rs = -0.87 
S= 2 
p= 1 
rs = -1 
S= 0.54 
p= 0.33 
rs = 0.87 
S= 7.46 
p= 0.33 
rs = -0.87 
S= 2 
p= 1 
rs = 0.5 
S= 6 
p= 1 
rs = -0.5 
S= 6 
p= 1 
rs = -0.5 
S= 0.54 
p= 0.33 
rs = 0.87 
N/A S= 2 
p= 1 
rs = 0.5 
S= 6 
p= 1 
rs = -0.5 
Fur - 
Liver 
S= 4 
p= 1 
rs = 0 
S= 2 
p= 1 
rs = -1 
S= 0.54 
p= 0.33 
rs = 0.87 
S= 0 
p= 0.33 
rs = 1 
S= 6 
p= 1 
rs = -0.5 
S= 0.54 
p= 0.33 
rs = 0.87 
S= 2 
p= 1 
rs = 0.5 
S= 4 
p= 1 
rs = 0 
N/A S= 0.54 
p= 0.33 
rs = 0.87 
S= 8 
p= 0.33 
rs = -1 
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Fur - 
Muscle 
S= 6 
p= 0.67 
rs = -0.5 
N/A 
 
N/A N/A S= 6 
p= 1 
rs = -0.5 
S= 0.54 
p= 0.33 
rs = 0.87 
S= 2 
p= 1 
rs = 0.5 
S= 4 
p= 1 
rs = 0 
N/A S= 0.54 
p= 0.33 
rs = 0.87 
S= 2 
p= 1 
rs = -1 
Fur - 
Skin 
S= 4 
p= 1 
rs = 0 
S= 2 
p= 1 
rs = -1 
N/A S= 2 
p= 1 
rs = 0.5 
S= 8 
p= 0.33 
rs = -1 
S= 2 
p= 1 
rs = 0.5 
S= 2 
p= 1 
rs = 0.5 
S= 6 
p= 1 
rs = -0.5 
N/A S= 4 
p= 1 
rs = 0 
S= 2 
p= 1 
rs = -1 
Fur - 
Tendon 
S= 7.46 
p= 0.33 
rs = -0.87 
S= 
2.22*10-16 
p= 1 
rs = 1 
S= 2 
p= 1 
rs = 0.5 
S= 2 
p= 1 
rs = 0.5 
S= 6 
p= 1 
rs = -0.5 
S= 6 
p= 1 
rs = -0.5 
S= 2 
p= 1 
rs = 0.5 
S= 2 
p= 1 
rs = 0.5 
N/A S= 7.46 
p= 0.33 
rs = -0.87 
S= 6 
p= 1 
rs = -0.5 
Fur - 
Vibrissae 
N/A S= 2 
p= 1 
rs = -1 
S= 6 
p= 1 
rs = -0.5 
N/A S= 2 
p= 1 
rs = 0.5 
S= 4 
p= 1 
rs = 0 
N/A S= 6 
p= 1 
rs = -0.5 
N/A S= 0.54 
p= 0.33 
rs = 0.87 
S= 8 
p= 0.33 
rs = -1 
Heart-
Kidney 
S= 6 
p= 1 
rs = -0.5 
S= 
2.22*10-16 
p= 1 
rs = 1 
S= 0 
p= 
2.22*10-16 
rs = 1 
S= 6 
p= 0.67 
rs = -0.5 
S= 8 
p= 0.33 
rs = -1 
S= 2 
p= 1 
rs = 0.5 
S= 7.46 
p= 0.33 
rs = -0.87 
S= 0.54 
p= 0.33 
rs = 0.87 
S= 
2.22*10-16 
p= 1 
rs = 1 
S= 2 
p= 1 
rs = 0.5 
S= 0 
p= 0.33 
rs = 1 
Heart - 
Liver 
S= 6 
p= 1 
rs = -0.5 
S= 
2.22*10-16 
p= 1 
rs = 1 
S= 0 
p= 
2.22*10-16 
rs = 1 
S= 4 
p= 1 
rs = 0 
S= 0 
p= 0.33 
rs = -1 
S= 0.54 
p= 0.33 
rs = 0.87 
S= 0.54 
p= 0.33 
rs = 0.87 
S= 7.46 
p= 0.33 
rs = -0.87 
S= 2 
p= 1 
rs = -1 
S= 7.46 
p= 0.33 
rs = -0.87 
S= 2 
p= 1 
rs = 0.5 
Heart - 
Muscle 
S= 4 
p= 1 
rs = 0 
N/A 
 
N/A N/A S= 0 
p= 0.33 
rs = -1 
S= 0.54 
p= 0.33 
rs = 0.87 
S= 0.54 
p= 0.33 
rs = 0.87 
S= 7.46 
p= 0.33 
rs = -0.87 
S= 
2.22*10-16 
p= 1 
rs = 1 
S= 7.46 
p= 0.33 
rs = -0.87 
S= 8 
p= 0.33 
rs = -1 
Heart - 
Skin 
S= 2 
p= 1 
rs = 0.5 
S= 
2.22*10-16 
p= 1 
rs = 1 
N/A S= 0.54 
p= 0.33 
rs = 0.87 
S= 2 
p= 1 
rs = 0.5 
S= 0 
p= 0.33 
rs = 1 
S= 0.54 
p= 0.33 
rs = 0.87 
S=8 
p= 0.33 
rs = -1 
N/A S= 0.54 
p= 0.33 
rs = 0.87 
S=2.22*10-
16 
p= 1 
rs = 1 
Heart - 
Tendon 
S= 6 
p= 1 
rs = -0.5 
S= 2 
p= 1 
rs = -1 
S= 0.54 
p= 0.33 
rs = 0.87 
S= 7.46 
p= 0.33 
rs = -0.87 
S= 0 
p= 0.33 
rs = 1 
S= 2 
p= 1 
rs = 0.5 
S= 0.54 
p= 0.33 
rs = 0.87 
S=0 
p= 0.33 
rs = 1 
S= 2 
p= 1 
rs = -1 
S= 4 
p= 1 
rs = 0 
S= 0 
p= 0.33 
rs = 1 
Heart - 
Vibrissae 
N/A S= 
2.22*10-16 
p= 1 
rs = 1 
S= 7.46 
p= 0.33 
rs = -0.87 
N/A S= 8 
p= 0.33 
rs = -1 
S= 7.46 
p= 0.33 
rs = -0.87 
N/A S=8 
p= 0.33 
rs = -1 
N/A S= 7.46 
p= 0.33 
rs = -0.87 
S= 2 
p= 1 
rs = 0.5 
Kidney-
Liver 
S= 18 
p= 0.85 
rs = 0.10 
S= 7.42 
p= 0.74 
rs = 0.26 
S= 4.19 
p= 0.11 
rs = 0.79 
S= 20 
p= 1 
rs = 0 
S= 30 
p= 0.45 
rs = -0.5 
S= 21.58 
p= 0.90 
rs = -0.08 
S= 33.42 
p= 0.22 
rs = -0.67 
S= 20.53 
p= 0.97 
rs = -0.03 
S= 8 
p= 0.33 
rs = -1 
S= 26.88 
p= 0.57 
rs = -0.34 
S= 6 
p= 0.75 
rs = 0.4 
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Kidney - 
Muscle 
S= 2.62 
p= 0.26 
rs = 0.74 
S= 13.33 
p= 0.67 
rs = -0.33 
S= 27.91 
p= 0.51 
rs = -0.40 
S= 25 
p= 0.69 
rs = -0.25 
S= 10 
p= 0.45 
rs = 0.5 
S= 10 
p= 0.39 
rs = 0.5 
S=0.32 
p= 0.37 
rs = -0.52 
S= 13.16 
p= 0.57 
rs = 0.34 
S= 
2.22*10-16 
p= 1 
rs = 1 
S= 26.88 
p= 0.57 
rs = -0.34 
S=20 
p= 0.08 
rs = -1 
Kidney - 
Skin 
S= 2 
p= 1 
rs = 0.5 
S= 
2.22*10-16 
p= 1 
rs = 1 
N/A S= 7.46 
p= 0.33 
rs = -0.87 
S= 6 
p= 1 
rs = -0.5 
S= 2 
p= 1 
rs = 0.5 
S= 8 
p= 0.33 
rs = -1 
S= 7.46 
p= 0.33 
rs = -0.87 
N/A S= 0.54 
p= 0.33 
rs = 0.87 
S= 
2.22*10-16 
p= 1 
rs = 1 
Kidney - 
Tendon 
S= 0 
p= 0.33 
rs = 1 
S= 2 
p= 1 
rs = -1 
S= 0.54 
p= 0.33 
rs = 0.87 
S= 4 
p= 1 
rs = 0 
S= 8 
p= 0.33 
rs = -1 
S= 0 
p= 0.33 
rs = 1 
S= 8 
p= 0.33 
rs = -1 
S= 0.54 
p= 0.33 
rs = 0.87 
S= 2 
p= 1 
rs = -1 
S= 7.46 
p= 0.33 
rs = -0.87 
S= 0 
p= 0.33 
rs = 1 
Kidney - 
Vibrissae 
N/A S= 7.42 
p= 0.74 
rs = 0.26 
S= 30.88 
p= 0.34 
rs = -0.54 
S= 25 
p= 0.69 
rs = -0.25 
S= 12 
p= 0.52 
rs = 0.4 
S= 32.63 
p= 0.25 
rs = -0.63 
N/A S= 5.79 
p= 0.11 
rs = -0.79 
N/A S= 20 
p= 1 
rs = 0 
S= 14 
p= 0.75 
rs = -0.4 
Liver - 
Muscle 
S= 16.32 
p= 0.37 
rs = -0.63 
S= 2.25 
p= 0.22 
rs = 0.77 
S= 17.5 
p= 0.84 
rs =0.13 
S=27.07 
p= 0.56 
rs = -0.35 
S= 10 
p= 0.45 
rs = 0.5 
S= 6.32 
p= 0.20 
rs = 0.68 
S= 22.05 
p= 0.87 
rs = -0.10 
S= 2.10 
p= 0.04 
rs = 0.89 
S= 2 
p= 1 
rs = -1 
S= 0.44 * 
10-15 
p= 
2.22*10-16 
rs =1 
S= 14 
p= 0.75 
rs = -0.4 
Liver - 
Skin 
S= 8 
p= 0.33 
rs = -1 
S= 
2.22*10-16 
p= 1 
rs = 1 
N/A S= 2 
p= 1 
rs = 0.5 
S=2 
p= 1 
rs = 0.5 
S= 0.54 
p= 0.33 
rs = 0.87 
S= 0 
p= 0.33 
rs = 1 
S= 0.54 
p= 0.33 
rs = 0.87 
N/A S= 6 
p= 0.67 
rs = -0.5 
S= 
2.22*10-16 
p= 1 
rs = 1 
Liver - 
Tendon 
S= 6 
p= 1 
rs = -0.5 
S= 2 
p= 1 
rs = -1 
S= 0.54 
p= 0.33 
rs = 0.87 
S= 2 
p= 1 
rs = 0.5 
S=0 
p= 0.33 
rs = 1 
S= 4 
p= 1 
rs = 0 
S= 0 
p= 0.33 
rs = 1 
S= 7.46 
p= 0.33 
rs = -0.87 
S= 
2.22*10-16 
p= 1 
rs = 1 
S= 6 
p= 0.67 
rs = -0.5 
S= 2 
p= 1 
rs = 0.5  
Liver - 
Vibrissae 
N/A S=14 
p= 0.75 
rs = -0.4 
S= 25.74 
p= 0.64 
rs = -0.29 
S= 34.14 
p= 0.18  
rs = -0.71 
S= 36 
p= 0.13 
rs = -0.08 
S= 20.53 
p= 0.97 
rs = -0.03 
N/A S= 10 
p= 0.39 
rs = 0.5 
N/A S= 4.19 
p= 0.11 
rs = 0.79 
S= 14 
p= 0.68 
rs = 0.3 
Muscle - 
Skin 
S= 0.54 
p= 0.33 
rs = 0.87 
 
N/A N/A N/A S= 2 
p= 1 
rs = 0.5 
S= 0.54 
p= 0.33 
rs = 0.87 
S= 0 
p= 0.33 
rs = 1 
S= 0.54 
p= 0.33 
rs = -0.87 
N/A S= 6 
p= 0.67 
rs = -0.5 
S= 2 
p= 1 
rs = -1 
Muscle - 
Tendon 
S= 0.54 
p= 0.33 
rs = 0.87 
N/A N/A N/A S= 0 
p= 0.33 
rs = 1 
S= 4 
p= 1 
rs = 0 
S= 0 
p= 0.33 
rs = 1 
S= 7.46 
p= 0.33 
rs = 0.87 
S= 2 
p= 1 
rs = -1 
S= 6 
p= 0.67 
rs = -0.5 
S= 8 
p= 0.33 
rs = -1 
Muscle - 
Vibrissae 
N/A S=12.58 
p= 0.74 
S= 20 
p= 1 
S= 25 
p= 0.69 
S= 28 
p= 0.52 
S= 21.58 
p= 0.90 
N/A S= 17.37 
p= 0.83 
N/A S= 4.19 
p= 0.11 
S= 6 
p= 0.75 
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rs = -0.26 rs = 0 rs = -0.25 rs = -0.4 rs = -0.08 rs = 0.13 rs = 0.79 rs = 0.4 
Skin-
Tendon 
S= 2 
p= 1 
rs = 0.5 
S= 2 
p= 1 
rs = -1 
N/A S= 6 
p= 1 
rs = -0.5 
S= 2 
p= 1 
rs = 0.5 
S= 2 
p= 1 
rs = 0.5 
S= 0 
p= 0.33 
rs = 1 
S= 8 
p= 0.33 
rs = -1 
N/A S= 6 
p= 0.67 
rs = -0.5 
S= 
2.22*10-16 
p= 1 
rs = 1 
Skin-
Vibrissae 
N/A S= 2.2 *10-
16 
p= 1 
rs = 1 
N/A N/A S= 6 
p= 1 
rs = -0.5 
S= 7.46 
p= 0.33 
rs = -0.87 
N/A S= 0 
p= 0.3 
rs = 1 
N/A S= 6 
p= 0.67 
rs = -0.5 
S= 
2.22*10-16 
p= 1 
rs = 1 
Tendon-
Vibrissae 
N/A S= 2 
p= 1 
rs = -1 
S= 8 
p= 0.33 
rs = -1 
N/A S= 8 
p= 0.33 
rs = -1 
S= 7.46 
p= 0.33 
rs = -0.87 
N/A S= 8 
p= 0.33 
rs = -1 
N/A S= 6 
p= 0.67 
rs = -0.5 
S= 2 
p= 1 
rs = 0.5 
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Figure 35. Mean ± SD concentrations (ppm) of heavy metals in the body tissues (n=100) of harbor seals. Lowest concentrations were 
found in cadmium, manganese, and selenium (A), following with higher concentrations of lead, mercury, and nickel (B), cobalt and 
copper (C), and chromium vanadium, and zinc (D). Secondary axis (green) has a different scale. N/D = not detected. Blubber (n=5), 
brain (n=3), fur (n=3), heart (n=3), kidney (n=5), liver (n=5), muscle (n=5), skin (n=3), tendon (n=3), vibrissae (n=65). 
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Figure 36. Box and whisker plot for each tissue in harbor seals. Blubber (n=5), brain (n=3), fur (n=3), heart (n=3), kidney (n=5), liver 
(n=5), muscle (n=5), skin (n=3), tendon (n=3), vibrissae (n=65).
B
lu
bb
er
B
ra
in
C
ol
la
ge
n
Fu
r
H
ea
rt
K
id
ne
y
K
id
ne
y 
Li
ve
r
M
us
cl
e
Sk
in
Vi
br
is
sa
e
0
1000
2000
3000
4000
5000
6000
7000
Tissue
C
on
ce
nt
ra
tio
n 
(p
pm
)
88 
 
4.5.2. Steller sea lion 
Heavy metal concentrations in Steller sea lions tissues varied significantly (X2(66) = 
310.88, p < 0.001). Spearman rank correlation tests were performed to determine correlation 
among body tissues for each metal (Table 10). Concentrations of metals in all body tissues 
ranged from 0.03-2763.50 ppm. Cadmium concentrations were highest in fur and lowest in 
vibrissae. Chromium concentrations were highest in fur and lowest in blubber. Cobalt 
concentrations were highest in vibrissae and lowest in skin. Copper concentrations were highest 
in tendon and lowest in blubber. Mercury concentrations were highest in vibrissae and lowest in 
blubber. Manganese concentrations were highest in muscle and lowest in vibrissae. Nickel 
concentrations were highest in fur and lowest in skin. Lead concentrations were highest in 
muscle and lowest in blubber. Selenium concentrations were highest in vibrissae and lowest in 
blubber. Vanadium concentrations were highest in vibrissae and lowest in fur. Zinc 
concentrations were highest in tendon and lowest in blubber (Figures 37 and 38).  
4.6. Comparison of Metal Concentrations Between Genders in Sea Otters 
 A total of 18 northern sea otter vibrissae (10 males, 8 females) were analyzed for 
concentrations of twelve heavy metals (Table 5). On average, vanadium, chromium, and zinc 
were found to have the highest concentrations in both genders while the lowest concentrations 
for both genders were found in cadmium. Nickel was not detected. Manganese was not analyzed. 
Males had higher average concentrations of arsenic, cadmium, chromium, cobalt, mercury, 
selenium, and zinc than females. Females had higher average concentrations of copper, lead, and 
vanadium than males. The highest metal concentration in females was vanadium, while the 
highest metal concentration for males was chromium (Figure 39). Due to the extremely high 
chromium, vanadium, and zinc concentrations, separate boxplots were created to better display 
the differences among the other metals (Figures 40, 41, and 42). Some elements did not 
significantly differ from each other, but those that did can be seen according to their specified 
group in Figure 43. Elements that are classified within the same letter group do not significantly 
differ from one another, but those in separate groups are significantly different.  Significant 
variance was detected among all metals between northern sea otter genders 
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Table 10. Spearman rank correlation among body tissues for each metal in Steller sea lions. S=Spearman test statistic; p=p-value (0.05 
significance threshold); rs = Spearman’s correlation coefficient. 
Metal Cd Cr Co Cu Hg Mn Ni Pb Se V Zn 
Blubber-
Fur 
S= 36.71 
p= 0.01 
rs = 0.78 
S= 69.35 
p= 0.08 
rs = 0.58 
S= 74.08 
p= 0.31 
rs = 0.38 
S= 109.15 
p= 0.47 
rs = -0.30 
S= 72.72 
p= 0.09 
rs = 0.56 
S= 215.7 
p= 0.39 
rs = -0.31 
S= 159.92 
p= 0.93 
rs = 0.03 
S= 78.74 
p= 0.12 
rs = 0.52 
S= 47.12 
p= 0.28 
rs = 0.44 
S= 105.36 
p= 0.75 
rs = 0.12 
S= 94.29 
p= 0.22 
rs = 0.43 
Blubber- 
Muscle 
S= 81.44 
p= 0.14 
rs = 0.51 
S= 3.66 
*10-14 
p= 2.2 *10-
16 
rs = 1 
S= 124.14 
p= 0.93 
rs = -0.03 
S= 90 
p= 0.17 
rs = -0.61 
S= 121.87 
p= 0.47 
rs = 0.26 
S= 163.82 
p= 0.33 
rs = -0.37 
S= 156.59 
p= 0.88 
rs = 0.05 
S= 172.11 
p= 0.91 
rs = -0.04 
S= 108.35 
p= 0.49 
rs = -0.29 
S= 153.75 
p= 0.46 
rs = -0.28 
S= 181.9 
p= 0.78 
rs = -0.10 
Blubber-
Skin 
S= 35.06 
p= 0.41 
rs = 0.37 
S= 65.33 
p= 0.72 
rs = -0.17 
S= 79.42 
p= 0.35 
rs = -0.42 
S= 26 
p= 0.24 
rs = 0.54 
S= 5.55 
p= 0.01 
rs = 0.90 
S= 45.62 
p= 0.69 
rs = 0.19 
S= 80.08 
p= 0.34 
rs = -0.43 
S= 51.93 
p= 0.88 
rs = 0.07 
S= 30.11 
p= 0.29 
rs = 0.46 
S= 42 
p= 0.70 
rs = -0.20 
S= 83.58 
p= 0.26 
rs = -0.49 
Blubber- 
Tendon 
S= 49.15 
p= 0.31 
rs = 0.41 
S= 96 
p= 0.74 
rs = -0.14 
S= 137.64 
p= 0.09 
rs = -0.64 
S= 48.74 
p= 0.30 
rs = 0.42 
S= 103.11 
p= 0.59 
rs = -0.23 
S= 16.57 
p= 0.08 
rs = 0.70 
S= 56 
p= 1 
rs = 0 
S= 79.95 
p= 0.91 
rs = 0.05 
S= 39.65 
p= 0.80 
rs = -0.13 
S= 84.90 
p= 0.24 
rs = -0.52 
S= 26.37 
p= 0.06 
rs = 0.69 
Blubber- 
Vibrissae 
S= 216.07 
p= 0.38 
rs = 0.31 
S= 224.27 
p= 0.31 
rs = -0.36 
S= 108.86 
p= 0.81 
rs = 0.09 
S= 49.0 
p= 0.32 
rs = 0.41 
S= 109.83 
p= 0.35 
rs = 0.33 
S= 122.06 
p= 0.47 
rs = 0.26 
S= 111.07 
p= 0.36 
rs = 0.33 
S= 216.42 
p= 0.38 
rs = -0.31 
S= 161.45 
p= 0.36 
rs = -0.34 
S= 163.93 
p= 0.33 
rs = -0.37 
S= 70.37 
p= 0.08 
rs = 0.57 
Fur-
Muscle 
S= 29.17 
p= 0.003 
rs = 0.82 
S= 69.35 
p= 0.08 
rs = 0.58 
S= 93.41 
p= 0.57 
rs = 0.22 
S= 50.96 
p= 0.85 
rs = 0.09 
S=148 
p= 0.79 
rs = 0.10 
S= 198 
p= 0.07 
rs = -0.65 
S= 204.66 
p= 0.50 
rs = -0.24 
S= 113.37 
p= 0.38 
rs = 0.31 
S= 86.55 
p= 0.94 
rs = -0.03 
S= 163.93 
p= 0.33 
rs = -0.37 
S= 161.96 
p= 0.96 
rs = 0.02 
Fur-Skin S= 61.18 
p= 0.84 
rs = -0.09 
S= 13.23 
p= 0.05 
rs = 0.76 
S=6.07 
p= 0.70 
rs = -0.18 
S= 73.15 
p= 0.50 
rs = -0.31 
S= 28 
p= 0.27 
rs = 0.5 
S= 74 
p= 0.50 
rs = -0.32 
S= 33.73 
p= 0.38 
rs = 0.40 
S= 85.26 
p= 0.23 
rs = -0.52 
S= 57.05 
p= 0.97 
rs = -0.019 
S= 45.84 
p= 0.55 
rs = -0.31 
S= 58.08 
p=0.94 
rs = -0.04 
Fur- 
Tendon 
S= 60.19 
p= 0.50 
rs = 0.28 
S= 20.50 
p= 0.03 
rs = 0.76 
S= 98.98 
p= 0.67 
rs = -0.18 
S= 113.35 
p= 0.40 
rs = -0.35 
S= 58 
p= 0.46 
rs = 0.31 
S= 64 
p= 0.78 
rs = -0.14 
S= 61.73 
p= 0.83 
rs = -0.10 
S= 96.07 
p= 0.73 
rs = -0.14 
S= 16.99 
p= 0.30 
rs = 0.51 
S= 57.38 
p= 0.96 
rs = -0.02 
S= 86.06 
p= 0.95 
rs = -0.02 
Fur- 
Vibrissae 
S= 172.57 
p= 0.90 
rs = -0.05 
S= 196.66 
p= 0.60 
rs = -0.19 
S= 217.68 
p= 0.37 
rs = -0.32 
S=221.4 
p= 0.34 
rs = -0.34 
S= 208 
p= 0.47 
rs = -0.26 
S= 181 
p= 0.79 
rs = -0.10 
S= 208.15 
p= 0.47 
rs =-0.26 
S= 214.57 
p= 0.40 
rs = -0.30 
S=121.34 
p= 0.27 
rs = -0.44 
S= 142.59 
p= 0.63 
rs = -0.19 
S= 168.04 
p= 0.96 
rs = -0.02 
Muscle-
Skin 
S= 60.58 
p= 0.86 
rs = -0.08 
S= 65.33 
p= 0.72 
rs = -0.17 
S= 81.13 
p= 0.31 
rs = -0.45 
S= 90 
p= 0.17 
rs = -0.61 
S=36 
p= 0.44 
rs = 0.36 
S= 42 
p= 0.59 
rs = 0.25 
S= 55.44 
p= 0.98 
rs = 0.01 
S= 105.89 
p= 0.01 
rs = -0.89 
S= 32.96 
p= 0.36 
rs = 0.41 
S= 0 
p= 2.2 *10 -
16 
rs =1 
S= 86 
p= 0.24 
rs = -0.54 
Muscle-
Tendon 
S= 123.11 
p= 0.48 
rs = 0.25 
S= 96 
p= 0.74 
rs = -0.14 
S= 102.56 
p= 0.60 
rs = -0.22 
S= 94.34 
p= 0.09 
rs = -0.68 
S= 74 
p= 0.79 
rs = 0.12 
S= 66 
p= 0.71 
rs = -0.18 
S= 41.12 
p= 0.56 
rs = 0.27 
S= 124.2 
p= 0.23 
rs = -0.48 
S= 44.27 
p= 0.61 
rs = -0.26 
S= 74.92 
p= 0.46 
rs = -0.34 
S=36.72 
p= 0.15 
rs = 0.56 
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Muscle- 
Vibrissae 
S= 123.11 
p= 0.48 
rs = 0.25 
S= 24.27 
p= 0.31 
rs = -0.36 
S= 122.79 
p= 0.95 
rs = -0.02 
S= 78 
p= 0.39 
rs = -0.39 
S= 116 
p= 0.41 
rs = 0.30 
S= 142 
p= 0.64 
rs =-0.18 
S= 216.07 
p= 0.38 
rs = -0.31 
S=231.15 
p= 0.25 
rs = -0.40 
S= 58.95 
p= 0.47 
rs = 0.30 
S= 92.34 
p= 0.55 
rs =0.23 
S=196 
p=0.61 
rs = -0.19 
Skin-
Tendon 
S= 32.28 
p= 0.34 
rs = 0.42 
S=6.22 *10-
15 
p= 2.2 *10-
16 
rs = 1 
S= 53.98 
p= 0.94 
rs = 0.04 
S= 3.52 
p=0.001 
rs = 0.94 
S= 50 
p= 0.84 
rs = 0.11 
S= 44 
p= 0.66 
rs = 0.21 
S= 37.15 
p= 0.46 
rs = 0.34 
S= 34.11 
p= 0.39 
rs = 0.39 
S= 44.70 
p= 0.59 
rs = -0.28 
S= 49.61 
p= 0.41 
rs =-0.42 
S=75.17 
p= 0.45 
rs =-0.34 
Skin-
Vibrissae 
S= 56 
p= 1 
rs = 0 
S= 67.53 
p= 0.66 
rs = -0.21 
S= 100.05 
p= 0.94 
rs = 0.04 
S= 40 
p= 0.56 
rs = 0.29 
S= 42 
p= 0.59 
rs = 0.25 
S= 64 
p= 0.78 
rs = -0.14 
S= 84.84 
p= 0.24 
rs = -0.51 
S=32.93 
p= 0.36 
rs = 0.41 
S= 38.77 
p= 0.50 
rs = 0.31 
S= 7.89 
p= 0.07 
rs = 0.77 
S=66 
p= 0.71 
rs = -0.18 
Tendon-
Vibrissae 
S= 102.14 
p= 0.61  
rs = -0.22 
S= 90.97 
p= 0.85 
rs = -0.08 
S= 70.17 
p= 0.70 
rs = 0.16 
S= 67.81 
p= 0.65 
rs = 0.19 
S= 82 
p= 0.98 
rs = 0.02 
S= 44 
p= 0.66 
rs = 0.21 
S= 32.28 
p= 0.34 
rs = 0.42 
S= 19.46 
p= 0.03 
rs = 0.77 
S= 33.97 
p= 0.96 
rs = 0.03 
S= 47.74 
p= 0.75 
rs = 0.15 
S= 54.83 
p= 0.40 
rs = 0.35 
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Figure 37. Mean ± SD concentrations (ppm) of heavy metals in the body tissues (n=70) of Steller 
sea lions. Lowest concentrations were found in cadmium, manganese, mercury, and selenium 
(A), following with higher concentrations of cobalt, copper, nickel, and lead (B), and chromium, 
vanadium, and zinc (C). Blubber (n=10), fur (n=10), muscle (n=10), skin (n=7), tendon (n=8), 
vibrissae (n=25). 
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Figure 38. Box and whisker plot for each tissue in Steller sea lions. 
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Figure 39. Mean ± SD concentrations (ppm) of heavy metals in the vibrissae of male (n=10) and female (n=8) northern sea otters. 
Nickel was not detected (N/D). 
Female 
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Figure 40. Box and whisker plot for each metal in female (F=red) and male (M=blue) northern sea otters. 
 
A
s[
F
]
C
d
[F
]
C
r[
F
]
C
o
[F
]
C
u
[F
]
P
b
[F
]
H
g
[F
]
S
e[
F
]
V
[F
]
Z
n
[F
]
A
s[
M
]
C
d
[M
]
C
r[
M
]
C
o
[M
]
C
u
[M
]
P
b
[M
]
H
g
[M
]
S
e[
M
]
V
[M
]
Zn
[M
]
0
1000
2000
3000
4000
Metals and Gender
C
o
nc
en
tr
at
io
n
 (
pp
m
)
95 
 
 
Figure 41. Box and whisker plot for each metal (excluding chromium, vanadium, and zinc) in female (F=red) and male (M=blue) 
northern sea otters.
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Figure 42. Box and whisker plot for chromium, vanadium, and zinc in female (F=red) and male (M=blue) northern sea otters.
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Figure 43. Elements within the same groups (A,B,C) do not differ significantly from each other 
for sea otters. M=male, F=female.
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(X2(20) = 90.473, p<0.001) (Figure 44). Spearman rank correlation tests were performed to 
determine correlation between genders for each metal (Table 11). 
A linear discriminate analysis determined if the concentration of each metal could be 
used to distinguish between/among each species, tissue type, region, and sex. The error was 
higher when only using cadmium, chromium, and nickel (0.48) than using all explanatory 
variables (0.42), so these variables are not useful for distinguishing species differences. The error 
was higher when only using arsenic, chromium, cobalt, copper, manganese, mercury, lead, 
selenium, nickel, and zinc (0.36) than using all explanatory variables (0.35), so these variables 
are not useful for distinguishing tissue type. The error was higher when only using arsenic, 
cadmium, chromium, cobalt, copper, manganese, mercury, lead, selenium, vanadium, nickel, and 
zinc (0.57) than using all explanatory variables (0.50), so these variables are not useful for 
distinguishing region. The error was higher when only using manganese and nickel (0.34) than 
using all explanatory variables (0.29), so these variables are not useful for distinguishing sex. 
Since the error was higher after reducing the explanatory variables, it was determined that the 
concentration of metals cannot be used to distinguish between/among species, tissue type, 
region, or sex.  
Discussion 
The four species of Alaskan marine mammals sampled for this study - harbor seals, 
Steller sea lions, northern fur seals, and northern sea otters - are important to native subsistence 
harvesters and as bioindicators of contamination in the Alaskan marine food web. The three 
pinniped species occupy a higher trophic level than the fissiped species, the northern sea otter, 
but all are part of the same ecosystem. The twelve heavy metals of this study have both natural 
and anthropogenic sources in the marine environment. Of the twelve elements, five are of 
toxicological concern in marine mammals: As, Cd, Pb, Hg, and Se. Four of the twelve metals 
(As, Cd, Hg, Pb) are nonessential metals while the rest are known to be essential (Cr, Co, Cu, 
Mn, Ni, Se, V, Zn). The species and metals of this study were chosen due to their high degree of 
public concern since little information exists about the health effects of metal toxicity in these 
marine mammal species. 
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Figure 44. Box and whisker plot for heavy metal concentrations in female (F=red) and male (M=blue) northern sea otters.
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Table 11. Spearman rank correlation between females and males for each metal in northern sea otters. S=Spearman test statistic; p=p-
value (0.05 significance threshold); rs = Spearman’s correlation coefficient. 
Metal As Cd Cr Co Cu Hg Mn Ni Pb Se V Zn 
Female- 
Male 
S= 63.26 
p= 0.56 
rs = 0.25 
S= 36 
p= 1 
rs = -0.03 
S= 119.5 
p= 0.30 
rs = -0.42 
S= 89.46 
p= 0.88 
rs = -0.06 
S= 106.1 
p= 0.01 
rs = -0.89 
S= 78.73 
p= 0.88 
rs = 0.06 
N/A N/A S= 95.46 
p= 0.75 
rs = -0.14 
S= 94.31 
p= 0.77 
rs = -0.12 
S= 32.96 
p= 0.36 
rs = 0.41 
S= 68 
p= 0.66 
rs = 0.19 
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5.1. Determination of Elemental Concentrations in Marine Mammal Vibrissae. 
Arsenic levels in vibrissae samples were either not detected or relatively low, with the 
exception of some sea otter samples that reached up to 102 ppm. Goessler et al. (1998) detected 
the tetramethylarsonium cation in non-keratinous pinniped tissues, and many other studies found 
several other organic arsenic compounds in marine mammals. These compounds are commonly 
non-toxic and do not accumulate as they are often excreted in waste (Vahter et al., 1983; 
Sabbioni et al., 1991; Neff, 1997). Low concentrations in keratinous tissues could indicate that 
arsenic is binding to lipids in its organic form so it would not bind to keratinous tissues, such as 
vibrissae. To determine arsenic levels in marine mammals, analysis of lipid-rich tissues or waste 
may be the best route. The low levels in the pinniped tissues may also be due to a lack of arsenic 
sources within their ecosystem.  
Similar results to arsenic exist for selenium with low concentrations in the vibrissae of 
the three pinniped species, but higher concentrations found in sea otter samples. As an antagonist 
of mercury and cadmium in mammals, selenium should increase with rising mercury and 
cadmium concentrations (Lehnert et al., 2018). A direct correlation among the concentrations of 
mercury and cadmium, and selenium could not be determined for all four species, which may be 
due to how each species and its prey absorbs and excretes each element. Hamilton’s study (2004) 
resulted in the caution of ameliorating mercury with selenium since selenium will efficiently 
accumulate in the food chain. Mercury concentrations were highest in sea otters, while cadmium 
concentrations were highest in harbor seals. Generally, it is believed that high trophic level 
organisms would have the highest concentrations of mercury; however, the diet of northern sea 
otters mostly consists of filter feeding benthic organisms, while the pinnipeds are foraging on 
pelagic fishes. The difference in metal concentrations based on diet preference is discussed later. 
As the main source of mercury is predominantly anthropogenic runoff, home ranges that are 
within close proximity to the coast and river outlets, like the sea otters, could result in increased 
exposure (Pirrone et al., 2013). Cadmium, on the other hand, is mainly released into the 
atmosphere from electrolytic extraction and thermal smelting in the form of dust, which can 
travel farther before depositing and entering the marine environment (Friberg, 1971). This allows 
the species that are residing farther from the coast to also be exposed to cadmium. 
Chromium concentrations varied drastically among all species, with sea otters having the 
highest content, followed by harbor seals, northern fur seals, and Steller sea lions having the 
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lowest. Most chromium in the ocean comes from river runoff, which obtains chromium from 
weathering and washout of atmospheric chromium-containing particles (Bartlett & James, 1979). 
Dissolved chromium is lost from the oceanic water column through incorporation into biological 
material. (Schroeder & Lee, 1975). Most chromium entering the oceans will be immediately 
incorporated into organisms in shallow, near-shore waters, which could include many marine 
plant species, various bivalves, and small fish. Sea otters and harbor seals spend most of their 
time near the coastline and do not migrate or travel far, which could explain their higher 
chromium concentrations.  
Cobalt content in vibrissae was highest for harbor seals and lowest for northern fur seals. 
Natural sources of cobalt into the marine environment include erosion and weathering, 
volcanoes, and continental and marine biogenic emissions. Anthropogenic sources include 
mining and smelting, sludge, fertilizers, industrial waste, burning of fossil fuels, and metal 
refinement (Barceloux & Barceloux, 1999). Cobalt is typically associated with copper and 
nickel.  
The highest copper concentrations in vibrissae were in northern sea otters and the lowest 
in northern fur seals. Anthropogenic sources of copper in the environment include mining, metal 
and electrical manufacturing, and pesticides. Natural sources are volcanoes, windblown dust, and 
forest fires (Jadoon et al., 2017). In Alaska, one of the main sources for copper could be mining. 
The runoff from the ores will contain copper and eventually make its way to the ocean. Copper 
will act synergistically with other contaminants in water, such as ammonia, cadmium, mercury, 
and zinc. Therefore, the organisms residing closest to the coastline may be the first to be exposed 
to the copper pollution. Copper is typically a hazard to most organisms, but a small amount of 
copper is required in the diets of plants, humans, and animals for enzymes (Irwin et al., 1997).  
Nickel, however, has been on top of the Environmental Protection Agency’s National 
Priorities List on numerous accounts. Naturally, nickel comes from the Earth’s crust, soil, and 
volcanoes, as well as meteorites and sea floor nodules. Anthropogenic sources of nickel consist 
of mining, as well as oil and coal burning power plants. Nickel may attach to particles containing 
iron or manganese and then is predominantly assimilated by plants rather than animals 
(Department of Health and Human Services, 2005; Cempel & Nikel, 2006). Nickel was not 
detected in sea otter samples, but harbor seal vibrissae had an average concentration of 66.19 
ppm, northern fur seal vibrissae had 26.14 ppm, and Steller sea lion vibrissae had 26.50 ppm 
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(Figure 29). Since nickel would mainly enter these organisms through their diet, instead of 
directly from the environment, the highest concentrations would be seen in the high trophic level 
organisms because it will need to accumulate in the food web. The three pinniped species forage 
at higher trophic levels than the sea otter, which could explain why the nickel content in sea 
otters was not detected.  
Manganese is released to the environment by industrial emissions, fossil fuel combustion, 
volcanoes, and soil erosion. Most industrial emissions are from iron and steel production, as well 
as power plant emissions. Natural concentrations of manganese in seawater ranged from 0.4 to 
10 μg/L (ATSDR, 2012a). An estimated 103,530 pounds of manganese was released into the 
water in 2009 from manufacturing and processing facilities. Once in water, the transport of 
manganese is controlled by the solubility of the present chemical form. Manganese in water may 
be bioconcentrated at lower trophic levels, but the bioconcentration factor (BCF) is directly 
related to the concentration in the water. Thompson et al. (1972) estimated the manganese BCF 
for coastal fishes to be 35-930. In 1993, the EPA set the maximum level for manganese in 
marine water to be at 0.1 mg/L (ATSDR, 2012a). Manganese concentration in the vibrissae 
samples of the three pinniped species ranged from not detected- 30.56 ppm. Sea otter vibrissae 
samples were not analyzed for manganese. The highest concentration (30.56 ppm) was found in 
harbor seal vibrissae and is approximately 3000 times higher than the highest concentration 
naturally found in seawater (0.010 ppm).  
Environmental exposure of lead and vanadium was low prior to industrialization, 
commercial mining, and fossil fuel burning. Now, ore processing has released approximately 300 
million tons of lead into the environment within the past five thousand years, causing the levels 
in humans to be 500-1000 times greater than our pre-industrial ancestors (Tong et al., 2000). The 
same circumstances could be true for marine organisms as global contamination remains 
significant and lead circulates in soil, air, and water. Lead and vanadium are extremely toxic, 
even at low concentrations, and can quickly accumulate and begin causing structural damage to 
cells, proteins, nucleic acid, membranes, and lipids (Mathew et al., 2011). Sea otter vibrissae had 
the highest content of lead, whereas lead was not detected in northern fur seal vibrissae. 
Vanadium content was highest in Steller sea lion vibrissae and lowest in sea otter vibrissae. Lead 
and vanadium are main metal components in crude oil which was released during the Exxon 
Valdez oil spill of 1989. Any organisms living on the coasts or in the water of Prince William 
104 
 
Sound were most likely exposed to the effects of crude oil, including metal toxicity. Marine 
organisms generally contain higher concentrations of vanadium than terrestrial organisms (Zoller 
et al., 1973; Byerrum et al., 1974; Van Zinderen Bakker & Jaworski, 1980).  The vibrissae 
analyzed in this study were from animals collected from 1990-2005 which was post oil spill 
(Table 3).  
Zinc does not volatilize from water, so it is deposited in sediments through adsorption 
and precipitation. Zinc can then form complexes with organic and inorganic ligands. 
Bioconcentration of zinc is moderate in aquatic organisms, high in crustaceans and bivalves, and 
low in plants. It does not biomagnify through terrestrial food chains but is an essential nutrient 
that exists in all organisms (ATSDR, 2012b). Vibrissae samples from all species had zinc, with 
concentrations ranging from ~29 – 2100 ppm. In the average adult human, the approximate, 
whole body zinc content is 2-3 grams, or 5400-8100 ppm (Hambidge, 1987; Flomenbaum et al., 
2006). Dependent on the organisms’ specific physiological needs, diet, and anatomy, the 
concentration of zinc will vary.  
5.2. Determination of Concentrations Among Essential and Nonessential Elements 
Of the three highest concentrated metals in vibrissae (chromium, vanadium, and zinc), all 
were essential metals. Although the thresholds for heavy metal toxicity in marine mammals have 
not yet been determined, it can be suggested that the thresholds would be higher and biological 
regulation would be better for essential metals than that of nonessential metals (Rainbow & 
Dallinger, 1991). Significant differences between essential and nonessential metal concentrations 
were detected in vibrissae of harbor seals, northern fur seals, and northern sea otters, but not 
Steller sea lions.   
Nonessential metals serve no physiological role in the body and can be toxic even at low 
concentrations. Some nonessential metals can be regulated by other metals, the tissue, or the 
whole organism (Rainbow & Dallinger, 1991). Others, however, are not able to be regulated and 
may accumulate to toxic levels in a tissue. An interesting relationship exists between 
nonessential mercury and essential selenium. Mercury and selenium have an antagonistic 
relationship; selenium causes demethylation and, thus, detoxification of mercury. However, high 
concentrations of selenium can also be toxic and may increase concentrations of some 
nonessential metals (cadmium and mercury) if it exceeds a specific threshold. However, it is 
considered an essential element because of its role in the enzyme erythrocyte glutathione 
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peroxidase (Burk, 1976). As there is homeostatic regulation of selenium in the blood of humans, 
it can be suggested that mammals may be maintaining specific levels of selenium for the 
functioning of glutathione peroxidase, as well as to counteract nonessential metal accumulation 
in specific tissues. The content of selenium in the analyzed marine mammal samples may be the 
amount necessary for this enzyme to efficiently prevent oxidative damage and perform all 
physiological tasks without becoming toxic. The highest concentrations of selenium in vibrissae 
were found in the sea otter samples, which also had the highest amount of mercury. A high 
intake of mercury from the sea otters’ environment could cause the increase in selenium.  
The well-known essential metal zinc was detected in 94% of all analyzed tissues and 
100% of all vibrissae. Zinc is required for many physiological functions, including immune, 
sexual, and neurosensory functions. The human body has developed the ability to regulate zinc 
concentrations to ensure that it does not cause toxic reactions. Zinc toxicity symptoms include 
nausea, vomiting, epigastric pain, lethargy, and fatigue, (Fosmire, 1990). The threshold for zinc 
in marine mammals is unknown, but the concentrations in the analyzed marine mammal tissues 
were similar to the average, normal content of humans, based on weight. The World Health 
Organization stated that total body zinc for a 70 kg individual was estimated to be 2.3 grams, or 
32.86 ppm. Many of the organisms in this study will reach weights up to 1120 kg, which would 
indicate a maximum concentration of 36,800 ppm if they have the same physiological need for 
zinc as seen in humans. The range of zinc concentrations found in all four species was not 
detected (tendon and blubber only) - 3791 ppm. The weight of each animal was not recorded but 
all samples were from adult or subadult individuals, so it can be assumed that they were near 
maximum weight.  
Chromium ranked as having the second highest concentrations in all analyzed marine 
mammal tissues in this study. Principally, chromium is absorbed through the intestinal mucosa 
and excreted through urine, hair, sweat and bile (Krejpcio, 2001). In humans chromium is known 
to serve an important role in the metabolism of fats and carbohydrates, the stimulation of fatty 
acid and cholesterol synthesis, and aid in insulin action and glucose metabolism (Davis & 
Vincent, 1997; Krejpcio, 2001). Cr+6 is carcinogenic but it generally becomes toxic only at 
extremely high amounts. Krejpcio (2001) mentioned that cats can tolerate 1000 μg of chromium 
(III) per day and rats can tolerate 100 μg/kg of body weight. Chromium is the least toxic of all 
trace heavy metals, as most mammals can tolerate up to 200 times its body content without 
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harmful effects (Jaishankar et al., 2014). Marine mammals may use chromium in similar ways to 
human bodies and seem to be tolerable of exceptionally high concentrations, with levels reaching 
as high as 4228 ppm in sea otter vibrissae.  
Vanadium concentrations were the highest in most tissues of all four species. Vanadium 
is an essential metal for humans and is present in all mammalian tissues and specific ions are 
inhibitors of certain phosphatases, ATPases, phosphotransferases, nucleases, and kinases (Averill 
et al., 1983).  However, at high concentrations, vanadium may have toxic or inhibitory effects on 
marine mammals (Saeki et al., 1998). Rehder (2013) stated that the average body load for 
humans is about 1 mg and the primary source is breathing air from vanadium processing 
industrial enterprises. Yukawa et al. (1980) found the following mean concentrations (ppb) for 
human tissues: brain, 0.13  0.11; heart, 0.14  0.09; liver, 0.11  0.08; kidney, 0.11  0.06; 
muscle, 0.11  0.07. These tissues were analyzed using semiconductor –ray spectrometry, 
which has a much lower detection level than that of an atomic absorption spectrometry. The 
extremely high concentrations of vanadium found in this study may be due to a difference in 
physiological function, source, or manner of excretion for the marine mammals in comparison to 
humans.   
5.3. Determination of Concentrations Among Harbor Seals, Steller Sea Lions, Northern 
Fur Seals, and Northern Sea Otters 
 The four marine mammal species in this study vary drastically in terms of their 
distribution, anatomy, diet, and zoological, ecological, and social activities. Harbor seals prey on 
pelagic and coastal fishes, such as walleye pollock, Pacific cod, herring, flounder, salmon, as 
well as cephalopods such as octopuses and squid supplemented by whelk, shrimp, amphipods, 
with seasonal availability (Reidman, 1989; Lance et al., 2012). The diet of Steller sea lions 
depends on location, but they predominantly prey on fish, such as walleye pollock, Pacific cod, 
herring, and will also feed on cephalopods, crustaceans, bivalves, and other small pinnipeds 
(Riedman, 1989; Merrick et al., 2011). Northern fur seals are opportunistic feeders, mainly 
foraging on schooling fish, cephalopods, gelatinous organisms, and birds; however, their diets 
will change with migration (Riedman, 1989; Ream et al., 2005). The diet of northern sea otters 
differs drastically in comparison to the three previously mentioned pinniped species. Northern 
sea otters are benthic foragers, preying mostly on marine invertebrates, such as sea urchins, 
molluscs, crustaceans, and some coastal fish species (ADFG, 2015). 
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Overall, chromium, vanadium, and zinc were highly concentrated in vibrissae samples 
from all four species, while cadmium, manganese, and selenium had low concentrations (Figure 
29). In comparison to the three pinniped species, sea otters had higher concentrations in the 
majority of the analyzed metals - arsenic, cobalt, copper, selenium, mercury, lead, zinc, and 
chromium. Unlike many pinniped species, which undergo a molting season, the sea otter’s fur 
remains thick year-round and will shed and be replaced gradually (Pamela & Brent, 2009). The 
constant turnover seen in their fur may occur in all keratinous tissue, including whiskers. As 
these keratinous tissues are constantly being shed, it is hypothesized that sea otters may 
distribute metals into these tissues in order to excrete them from the body. Similar behaviors 
have been seen in other animals as they may distribute metals to specific tissues in order to 
maintain concentrations below toxic levels (Rainbow & Dallinger, 1991). Also, the higher 
concentrations found in the sea otter samples may directly reflect their diet. Yi et al. (2008) 
determined that metal accumulation in fish was significantly affected by diet and that benthic 
invertivores had the highest concentration of metals, followed by piscivores, zooplantivores, 
phytophagic fishes, and phytoplantivores. The benthic, filter-feeder prey of sea otters may 
accumulate metals differently than fish.  The soft tissue of the bivalve is the primary tissue to 
absorb metals and then they are distributed throughout the organism, including the mantle and 
the shell (Tynan et al., 2005; Dick et al., 2007). The accumulated metals in these bivalves are 
then transferred to sea otters. Bioaccumulation occurs when an organism gradually absorbs a 
substance, but at a rate faster than it can excrete it. The species of this study, such as the sea 
otter, may bioaccumulate metals over time and they will biomagnify as well as they reach higher 
trophic levels.   
Although all three pinniped species mostly remain in coastal waters, they will forage in 
deeper waters and may migrate to different foraging or breeding grounds (Kenyon & Wilke, 
1953; Pitcher & McAllister, 1981; Loughlin, 1993; Ream et al., 2005; ADFG, 2015; MMC, 
2015). Sea otters, on the other hand, remain within a few kilometers of the coastline throughout 
their life. As metals often enter the ecosystem via the burning of fossil fuels, smelting, or 
erosion, industrialized locations where energy plants or mining exist may yield more metals into 
the environment. Prince William Sound and Cook Inlet have highly industrialized coastlines that 
are home to many power plants, such as Beluga Power Plant. These areas are also home to the 
endangered southwestern stock of northern sea otters. The sea otter samples in this study were 
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collected predominantly from Prince William Sound. There may be more natural and 
anthropogenic sources for metals in this area than for non-industrialized, rural locations.  
 
5.4. Determination of Concentrations Among Regions 
The most populated cities in Alaska are Anchorage, Juneau, and Fairbanks. As of the 
year 2000, the population of Anchorage was approximately 261,000, comprising almost one-
third of Alaska’s total population of approximately 628,000. Abel’s study (1996) reviewed over 
28,000 reports of accidental, negligent or illegal discharge of wastes to water. Of the significant 
incidents recorded, 28% were related to the sewage and water treatment industry itself; 23% 
related to oil discharges; 13% originated from farms; 12% from industrial sources; and 22% from 
other sources including road accidents or leaching of contaminated water from waste dumps. The 
coastal marine environments near populated areas are more susceptible to toxic waste runoff. 
This could explain why the sea otters near Prince William Sound had high concentrations of 
metals. Prince William Sound was also the epicenter of the 1989 Exxon Valdez oil spill. The 
unintentional release of 35,000 metric tons of crude oil, which covered over 2,100 kilometers of 
coastline, created a hazardous and toxic habitat for the marine ecosystem, including marine 
mammals (Piatt et al., 1990). The main metal components of crude oil are iron, nickel, copper 
and vanadium (Carey et al., 2004). Sea otters were affected by the oil spill both directly and 
indirectly via their diet. Although immediate cleanup followed the tragedy, oil remains within 
the ecosystem as well as its long-term effects, which includes metal toxicity (Piatt et al., 1990).  
In 1990, Alaska had approximately 290 active mines and quarries. Metals accounted for 
80% of the total product value, zinc production contributed 48% of this value while gold 
contributed 17%, lead 6%, and all others 4%. Alaska continues to hold the title for the nation’s 
largest gold mining industry. Swainback et al. (1990) partitioned Alaska into several regions: 
northern, western, eastern interior, southcentral, southwestern, Alaska Peninsula, and 
southeastern. Within these regions, principal metallic, nonmetallic, and quarry locations were 
indicated (Figure 45).  Figure 52 depicts significant gold, silver, platinum, and other metal 
deposits in Alaska, 1990. Within the northern region, Cominco Alaska Inc. mined zinc, lead, and 
silver with most of it coming from the Red Dog deposit using open-cut mining methods. 
Mitigation measures, such as eradication of pit water seepage via sump pumps, water treatment, 
and routine analysis of trace metal concentrations in organisms, were implemented to maintain 
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regular levels of trace metals within Red Dog Creek. Westgold’s BIMA offshore dredging 
project was terminated, causing a decrease in the only metallic mineral production in the western 
region. Westgold initiated environmental monitoring strategies, such as sampling seawater for 
trace elements. In the eastern interior region, Citigold Alaska was extracting gold and silver by 
using sodium cyanide and drilling at the Ryan Lode Mine while smaller mines in the area were 
mostly using suction-dredge methods. Historic mining regions in the southwestern region, such 
as the Innoko, Iditarod, Aniak, and Goodnews Bay districts, account for 10% of Alaska’s gold, 
mercury, and platinum production. Kennecott Greens Creek Mining Company in the 
southeastern region exploited ore bodies containing significant amounts of silver, lead, zinc, 
gold, barium, and copper (Swainback et al, 1990). Mining of lead, copper, nickel, and zinc ores 
emit by-product cadmium and cobalt into the water and air (Friberg, 1971; Kim et al., 2006). 
Runoff water from mines enters the river systems and ground water, eventually reaching the 
ocean. The contaminants in the water will work their way up the marine food web, eventually 
accumulating in apex predators. The metals will initially enter the food web by getting absorbed 
by primary producers and filter feeding organisms. The low trophic level organisms will then 
transfer the metals to their predators, and so the process continues. As the metals work through 
the food web to higher trophic levels, they will biomagnify. Overtime, many organisms will 
bioaccumulate metals in their body as well. Based on their location, certain species may be 
exposed more to specific metals in the environment. If the metals are entering the marine 
environment from a specific river or outlet, organisms near that area may be exposed to a higher 
concentration of metals than an organism that resides away from the metal source.  
Of the vibrissae from all four species, the samples from southcentral Alaska were found 
to have the highest average concentrations in ten of the twelve analyzed metals. These results 
may be biased since sea otter samples were generally more concentrated and only came from 
southcentral Alaska. Both harbor seals and Steller sea lion vibrissae metals significantly differed 
among regions. Harbor seals and Steller sea lion samples from southwestern Alaska had the 
highest concentrations for the majority of metals. Metal production was limited in the 
southwestern mining region as the only mining sites are the historic districts and no major 
mining sites were active in the peninsula region during the 1990s, but there was a discussion of 
exploration of precious metals with Battle Mountain Exploration Company (Figure 46). It would 
be expected that the amount of metals entering the marine environment from anthropogenic 
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sources in these regions would be minimal. However, the concentrations in harbor seal and 
Steller sea lion vibrissae indicate the opposite. Although the environmental fate of some of these 
metals results in immediate uptake into biologic materials, others can travel very far as dust, 
particles attached to abiotic matter, or adsorbed to hydroxides (Zoller et al., 1973). This allows 
the metals to travel regionally or globally before acquisition into the food web.  
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Figure 45. Principal metallic, nonmetallic, and quarry locations in Alaska, 1990 (Swainbank et 
al., 1990). 
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Figure 46. Significant gold, silver, platinum, and other metal deposits in Alaska, 1990 
(Swainbank et al., 1990). 
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Figure 47. Map of currents in Gulf of Alaska and eastern Bering Sea (Drumm et al., 2016). 
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Major ways for metals to travel in the Gulf of Alaska would be oceanic currents. The Alaska 
Coastal Current (ACC) runs along the coast starting as far east as Craig and extending west to 
Kodiak, where it merges with the Alaskan Stream. The Alaska Current forms from the diversion 
of the North Pacific Current and follows the same route as the ACC, but in deeper waters off the 
continental shelf. The Alaska Current creates the Gulf of Alaska Gyre and two eddies, Queen 
Charlotte Eddy and Sitka Eddy (Drumm et al., 2016) (Figure 47). The metals entering these 
environments will bioaccumulate within the food web, eventually reaching marine mammals. 
The ACC brings coastal waters westward, which could explain why the samples from 
southwestern Alaska show high metal content. If metals become trapped in the eddies or the 
gyre, this could explain the high metal content in southcentral Alaska, such as the sea otter 
samples from Prince William Sound. 
5.5. Determination of Concentrations Among Body Tissues 
As metals bind to different body tissues and have varying half-lives, each metal may be 
found in different concentrations within the same body tissue of each species. If the organism or 
specific tissue has a slow rate of excretion, the time it takes for half of the metal content to be 
excreted will be longer, thus having a longer half-life.  Of the tissues analyzed, three were made 
of keratin (fur, skin, vibrissae) and three were lipid-rich (blubber, liver, kidney). The results from 
Wagemann et al. (1996) and this study suggest zinc binds to lipid-rich tissues, such as blubber 
and liver. However, the results from this study also showed high concentrations of zinc in tendon 
and vibrissae (Figure 35). Wagemann et al. (1996) found very low lead content across all species 
(belugas, narwhals, and ringed seals) and tissues (muktuk, muscle, and liver) while some harbor 
seal tissues in this study had high concentrations: 74.06 ppm (muscle), 55.12 ppm (liver), and 
47.21 ppm (tendon). The lowest lead concentrations were seen in fur (7.93 ppm) and skin (16.84 
ppm) (Figure 35). Wagemann et al. found that cadmium levels were highest in kidney, followed 
by liver, and the lowest concentrations were found in muscle and epidermis. The results for 
harbor seals in this study followed a similar pattern (Figure 35). It seems that cadmium tends to 
bind to lipid-rich tissues more so than keratinous tissues. A study on northern fur seals 
determined that vanadium mainly accumulated in the liver, bone, and hair (Unsal, 1982). The 
liver and fur in harbor seals and vibrissae of both harbor seals and Steller sea lions in this study 
had some of the highest concentrations of vanadium. Additionally, blubber and muscle tissues 
also had high vanadium concentrations in both species. The most obvious difference was that 
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Steller sea lion fur had the lowest concentration of vanadium, when harbor seal fur was among 
the three highest concentrated tissues (Figures 35 and 37).  
Wagemann et al. (1983) also found selenium to be highest in liver, followed by 
epidermis, and lowest in muscle. In this study, harbor seals had the highest concentrations of 
selenium in vibrissae and kidney and the lowest in epidermis and blubber (Figure 35). Results 
from both studies do not clarify if selenium binds more readily to lipid or keratin. Chen et al. 
(1974, 1975) determined that selenium diverts mercury and cadmium to other tissues by binding 
them to higher molecular weight proteins as means of protecting more critical tissues, such as the 
liver or kidney. Mercury levels in Wagemann et al.’s study were highest in liver and kidney, and 
lowest in muscle and epidermis. Similar results exist from this study; harbor seal liver had the 
highest mercury content and the lowest was in skin and tendon (Figure 35). Mercury content in 
Steller sea lions was highest in vibrissae and lowest in epidermis. As both tissues are keratinous, 
it conflicts with the harbor seal results, as well as the results from Wagemann et al.  
The turnover rate of these tissues could possibly alter the distribution of metals as a 
means of offloading the metals. Metal accumulation can be divided into three steps: (1) metal 
uptake, (2) metal transportation, distribution, and sequestration, and (3) metal excretion 
(Rainbow & Dallinger, 1991). Metal regulation means that the organism, or specifically a tissue, 
is able to maintain metal content by either avoiding uptake or matching the rates of uptake and 
excretion. However, regulation tactics such as these can often only be used in short-term. Whole-
body metal content is the sum of metal content in individualized tissues. Each tissue will regulate 
their metal content, but regulation is typically only possible for essential metals. Known ways of 
excreting metals in mammals include waste, sweat, lactation, ejaculation, and the shedding of 
skin, hair, and nails, (Luckey & Venugopal, 1977; Cempel & Nikel, 2006). Pinniped and fissiped 
species are known to shed their skin, hair, and nails, and sometimes vibrissae. Pinnipeds will go 
through a molting period where they shed their hair and possibly their vibrissae (Ling, 1970; 
Hirons et al., 2001). If vibrissae are shed along with their skin and fur, these species may be 
purposefully distributing metals to keratinous tissues as means of off-loading.  
5.6. Determination of metal concentrations between male and female sea otters 
 Northern sea otter vibrissae had higher concentrations of chromium, mercury, cobalt, 
selenium, and zinc in males than females, but concentrations of vanadium, lead, and copper were 
higher in females than males. Males and females may accumulate and excrete metals differently. 
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Females are known to off-load metals via lactation and embryonic development, while males 
will off-load metals in their semen (Nriagu, 2007). Adult female sea otters typically give birth 
once a year with a gestation period of 4 to 12 months and then they care for their pups for 
approximately 6 months. Females may spend their entire adult lives either pregnant or lactating, 
and therefore continuously off-load metals (Jameson & Johnson, 1993; Riedman et al., 1994). 
Both males and females will also excrete metals via their waste and the shedding of skin, hair, 
and nails (Luckey & Venugopal, 1977).  
The anatomy and life history of male and female otters can also vary. Males are typically 
1.2-1.5 m in length and weigh 22-45 kg, while females are 1.0-1.4 m in length and weigh 14-33 
kg. Female otters reach sexual maturity at three to four years of age with an average lifespan of 
15-20 years. Males will reach sexual maturity at around five with average lifespan of 10–15 
years (VanBlaricom, 2001). As all analyzed samples were from subadult or adult animals, it can 
be assumed that there were no major dietary or life history variations.  
Sea otters typically reside in home ranges that are only a few kilometers long and stretch 
outward from the shore approximately one kilometer (VanBlaricom, 2001). The home range for 
female sea otters is larger than that of territorial males. Females typically feed within specific 
forage areas of their 28.2 – 198.2 km home range. Non-territorial males had home ranges of 
29.3- 137.6 km while territorial males generally reside in home ranges of 18.3- 57.8 km, which 
are typically adjacent to, or part of, female rafting areas (Loughlin, 1980). As a result, the 
females and territorial males may be foraging in similar locations, but the females could be 
extending their foraging locations since they have a wider home range. Females with pups are 
also more inclined to forage at night whereas solitary females and males typically feed in the 
morning and late afternoon (VanBlaricom, 2001). The diets of males and females may vary 
dependent on their specified foraging areas and times. As diet is a main source of metal 
accumulation, determination of foraging locations via stable isotope analysis for male and female 
sea otters may provide input on the main metal contributors in their food.  
 
6. Conclusion 
Analysis of archived marine mammal tissues has indicated which tissues bioaccumulate 
metals more readily (blubber, liver, fur, tendon, and muscle) and provided information on the 
relationships of metal concentrations among the vibrissae and body tissues. Twelve heavy metals 
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(arsenic, cadmium, chromium, cobalt, copper, lead, manganese, mercury, nickel, selenium, 
vanadium, zinc) were analyzed in vibrissae from the four select species, and body tissues from 
harbor seals and Steller sea lions. Significant differences of heavy metal concentrations in 
vibrissae were seen among each element (p<0.001), species (p<0.001), gender (p<0.001), and 
region for harbor seals (p<0.001) and Steller sea lions (p<0.001), and body tissues for harbor 
seals (p<0.001) and Steller sea lions (p<0.001). Sea otters had the highest concentrations for 
most metals than the three pinniped species. Chromium, vanadium, and zinc levels were highest 
among all analyzed metals. Although direct sources of the metals in these species cannot be 
determined, this study served to determine which species, locations, tissues, and genders are 
more susceptible to heavy metal accumulation, and possibly toxicity. In general, higher 
concentrations of metals were found in sea otter vibrissae, with males having higher 
concentrations of the majority of analyzed metals. Harbor seal liver and blubber typically had the 
highest concentrations of most analyzed metals. On the other hand, Steller sea lion fur, tendon, 
and muscle typically had the highest concentrations of most analyzed metals.  Overall, higher 
concentrations of metals were found in the vibrissae of animals from the southcentral Alaska 
region. Little information existed previously for the heavy metal content in the tissues of harbor 
seals, Steller sea lions, northern fur seals, and northern sea otters. The results of this study should 
be used along with future sampling efforts to determine concentrations of heavy metals and 
toxicity thresholds in these species.  
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